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PREFACE 

The  value  of  the  mental  training  obtained  by  solving 
algebraical  problems  and  geometrical  riders  has  so 
long  been  acknowledged  that  these  form  an  essential 
part  in  all  mathematical  teaching.  Although  similar 
practice  is  quite  as  necessary  in  studying  physical 
science,  it  is  by  no  means  equally  easy  for  the  student 
of  physics  to  obtain  it,  for  only  the  more  recent  text- 
books contain  any  numerical  examples,  and  these 
are  generally  insufficient  in  number  and  not  carefully 
graduated.  It  is  quite  common  to  find  students  who 
have  a  correct  knowledge  of  the  general  principles  of 
physics,  and  can  apply  it  intelligently  in  making  a 
physical  measurem^t,  but  who  are  yet  unable  to 
solve  an  easy  problem  or  to  calculate  the  results  of 
their  experimental  work. 

There  can  be  no  doubt  that  the  best  way  of 
acquiring  the  necessary  practice  is  by  means  of  a 
regular  series  of  quantitative  experiments  in  the 
laboratory  carried  on  side  by  side  with  the  more 
general  work  of  the  lecture-room ;  but  such  concur- 
rent work  is  not  always  practicable,  especially  with 
large  classes  and  in  the  earlier  stages.  Just  as  the 
student  of  dynamics  has  at  first  to  confine  his  atten- 
tion to  questions  of  a  more  or  less  ideal  nature,  so  in 
some  departments  of  experimental  physics  (for  example 
in  electrostatics)  the  beginner  must  for  a  while  content 
himself  with  somewhat  theoretical  problems  in  place 
of  laboratory  work. 


vi  PREFACE 

The  examples  in  the  present  book  (amounting  to 
over  one  thousand  in  number)  consist  for  the  most 
part  of  questions  and  problems  framed  for  the  use  of 
the  Junior  and  Middle  Physics  Classes  at  the  Aber- 
ystwyth College.  To  these  have  been  added  (at  the 
end  of  each  chapter)  questions  from  various  College, 
University  and  Scholarship  papers  of  recent  years. 
A  list  of  some  of  the  more  important  examination 
papers  from  which  these  have  been  selected  will  be 
found  on  page  45,  and  the  source  from  which  each 
question  is  taken  is  in  every  case  acknowledged.  A 
considerable  number  of  typical  examples  have  been 
solved,  and  answers  (with  occasional  hints  for  solution) 
will  be  found  at  the  end  of  the  book.  Explanatory 
paragraphs  have  been  inserted  in  the  hope  of  giving 
assistance  where  experience  seemed  to  show  that  it  was 
most  needed,  but  I  have  endeavoured  not  to  trench 
upon  the  recognised  province  of  the  text-books. 

The  book  has  not  been  written  with  a  view  to  the 
requirements  of  any  special  examination,  but  I  have 
made  use  of  portions  of  the  MSS.  in  teaching  classes 
of  students  taking  the  Intermediate  Science  and  Pre- 
liminary Scientific  Courses  of  the  London  University, 
and  believe  it  will  be  found  suitable  for  students  who 
are  preparing  for  these  examinations. 

For  assistance  in  reading  proofs  and  working  out 
answers  my  best  thanks  are  due  to  Mr.  B.  B. 
Skirrow,  B.A.,  of  the  Mason  Science  College,  Birming- 
ham'; to  my  assistant,  Mr.  R.  W.  Stewart;  to  Mr.  F.  W. 
Shurlock,  B.A.,  of  the  Carmarthen  Training  College ; 
and  to  one  of  my  students,  Mr.  A.  H.  Leete. 

D.  E.  JONES. 

University  College,  Aberystywyth, 
August  1888. 
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EXAMPLES    IN    PHYSICS 


INTRODUCTION 

1.  Units.  —  In  order  to  measure  any  physical  quan- 
tity, we  have  first  to  select  as  our  unit^  or  standard  of 
reference,  a  quantity  of  the  same  kind  as  that  to  be 
measured.  The  ratio  between  the  quantity  and  the 
selected  unit  is  called  the  numerical  value  or  measure  of 
the  quantity.  Suppose  that  we  have  to  measure  a 
definite  length  /,  and  that  we  adopt  as  our  unit  a  length 
L  :  the  numerical  value  («)  of  the  length  to  be  measured 
will  be 

/ 

where  n  may  be  any  number,  whole  or  fractional. 

2.  Fundamental  Units. — All  physical  quantities 
can  be  expressed  in  terms  of  three  fundamental  units, 
the  choice  of  which  depends  upon  the  ease  and  certainty 
with  which  the  standard  quantities  so  selected  can  be 
compared  with  other  quantities  of  the  same  kind.  We 
might  choose  as  our  fundamental  quantities  a  definite 
length,  a  definite  force,  and  a  definite  interval  of  time  : 
other  units,  such  as  those  of  mass  and  work,  could  be 
deduced  from  these.  But  on  account  of  the  difficulty 
of  devising  a  permanent  standard  of  force,  the  value  of 
which  would  not  change  from  place  to  place,  such  a 
choice  would  not  be  advisable. 
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The  fundamental  units  usually  adopted  are  those  of 
length,  mass,  and  ti?ne;  these  three  elements  can  be 
measured  with  great  accuracy,  and  standards  of  length 
and  mass  can  easily  be  copied,  and  compared  with  the 
orio^inal  standards. 


The  C.G.S.  System  of  Units. 

A  committee  of  the  British  Association  has  recom- 
mended the  adoption  of  the  centimetre,  the  gramme, 
and  the  second  as  the  three  fundamental  units.  Other 
units  derived  from  these  are  distinguished  by  the  letters 
"  C.G.S."  prefixed,  these  being  the  initial  letters  of  the 
three  fundamental  units. 

3.  Derived  Units. 

Velocity. — The  C.G.S.  unit  of  velocity  is  the  velocity 
of  a  point  which  moves  over  one  centimetre  in  a 
second. 

Acceleration.  —  The  C.G.S.  unit  of  acceleration  is 
that  of  a  point  whose  velocity  increases  by  one 
unit  per  second.  The  numerical  value  of  the 
acceleration  due  to  gravity  {g)  is  978-10  at  the 
equator,  980-94  at  Paris,  981-17  at  Greenwich, 
and  983-11  at  the  pole. 

Force. — The  C.G.S.  unit  of  force  is  that  force  which, 
acting  upon  a  mass  of  one  gramme  for  a  second, 
generates  in  it  a  velocity  of  one  centimetre  per 
second. 

Special  names  are  given  to  some  of  these  units  ; 
thus  the  C.G.S.  unit  of  force  is  called  the  dyne. 
Assuming  the  value  of  ^  to  be  981  (as  we  shall 
do  throughout),  we  see  that  a  dyne  is  y- |y  of  the 
weight  of  a  gramme. 

Work  and  Energy. — The  C.G.S.  unit  of  work  is  the 
work  done  by  a  dyne  acting  through  a  distance 
of  one  centimetre,  and  is  called  an  erg.     The 
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same  name  is  applied  to  the  unit  of  energy^  for 
energy  is  measured  by  the  amount  of  work  which 
it  represents.  Since  the  weight  of  a  gramme  is 
981  dynes,  the  work  done  in  raising  one  gramme 
vertically  through  one  centimetre  against  the 
action  of  gravity  is  981  ergs. 

Practical  Units  and  Index  Notation.  —  In  any  uniform 
system  some  of  the  units  must  be  inconveniently  large, 
while  others  are  so  small  that  the  quantities  with  which 
we  have  to  deal  are  represented  by  very  large  numbers. 
Electricians  find  it  convenient  to  use  a  system  of  "  prac- 
tical units,"  each  of  which  bears  to  the  corresponding 
C.G.S.  unit  a  ratio  which  is  some  multiple  or  sub- 
multiple  of  10.     Thus  the  volt  is  equal  to  100,000,000 

C.G.S.  units  of  potential;  the  farad  is  ^ of 

*•  1,000,000,000 

the  C.G.S.  unit  of  capacity.  The  prefixes  mega-  and 
micro-  are  used  to  signify  "one  million"  and  "one- 
millionth  part"  respectively.  Thus  a  megadyne  is  a 
force  of  one  million  dynes  ;  a  microfarad  denotes  a  capa- 
city of  one-millionth  of  a  farad. 
When  very  large  or  very  small  numbers  have  to  be  expressed, 
it  is  convenient  to  adopt  the  index  system  of  notation,  in 
which  numbers  are  expressed  as  the  product  of  two 
factors,  the  second  of  which  is  a  power  of  10 ;  and  it  is 
usual  to  choose  the  factors  so  that  the  first  contains  only 
one  integral  digit.  Thus  the  velocity  of  light,  which 
is  300,400  kilometres  per  second,  is  expressed  as 
3-004x10^'^  centimetres  per  second.      A  megadyne  is 

10^  dynes ;  a  farad  is  io~^  ( =  ^)  and  a  microfarad  is 

lo~^^  C.G.S.  unit  of  capacity. 

Power ^  Activity^  or  Rate  of  doing  Work.  —  The 
C.G.S.  unit  of  power  is  the  power  of  doing  work 
at  the  rate  of  one  erg  per  second.  The  corre 
sponding  practical  unit,  called  the  "Watt,  is  the 
power  of  doing  work  at  the  rate  of  10''  ergs  per 
second.     A  horse-power  is  equal  to  746  watts. 

Pressure. — The  C.G.S.  unit  of  intensity  of  pressure 
is  a  pressure  of  one  dyne  per  square  centimetre. 
It   would    be    convenient    if  the    pressure   of  a 
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megadyne  per  square  centimetre  (lo*^  C.G.S. 
units)  were  adopted  as  the  normal  atmospheric 
pressure  :  this  standard  would  correspond  to  a 
barometric  height  of  7  5  centimetres,  but,  as  com- 
pared with  any  barometric  standard,  would  have 
the  advantage  of  being  independent  of  the  value 
of^. 
Heat. — The  C.G.S.  unit  of  heat  is  the  amount  of  heat 
required  to  raise  the  temperature  of  a  gramme 
of  water  through  one  degree  centigrade.  The 
dynamical  equivalent  of  one  heat-unit  in  ergs  is 
4-2  X  10"  :  this  quantity  is  called  the  mechanical 
equivalent  of  heat  or  "Joule's  equivalent,"  and 
is  usually  represented  by  the  letter  J. 

4.  O.Gr.S.  Electrostatic  Units. 

Quantity. — The  unit  quantity  of  electricity  is  that 
quantity  which,  when  placed  (in  air)  at  a  distance 
of  one  centimetre  from  an  equal  and  similar 
quantity,  repels  it  with  a  force  of  one  dyne. 

Potential. — Unit  difference  of  potential  exists  between 
two  points  when  the  work  done  against  the  elec- 
trical forces  in  moving  unit  quantity  of  electricity 
from  the  one  point  to  the  other  is  one  erg. 

Capacity. — A  conductor  is  said  to  have  unit  capacity 
when  a  charge  of  one  unit  of  electricity  raises  its 
potential  from  zero  to  unity. 

Magnetic  Units. 

Strength  of  Pole. — A  magnetic  pole  is  said  to  have 
unit  strength  when  it  repels  an  equal  and  similar 
pole,  placed  at  a  distance  of  one  centimetre  from 
It,  with  a  force  of  one  dyne. 

Strength  of  Field. — A  magnetic  field  is  said  to  have 
unit  intensity  (or  strength)  when  a  unit  magnetic 
pole  placed  in  it  is  acted  upon  by  a  force  of 
one  dyne. 
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Electro-magnetic  Units. 

Current. — The  unit  of  current  is  that  current 
which,  when  flowing  along  a  wire  one  centi- 
metre in  length  bent  into  the  form  of  a  circu- 
lar arc  of  one  centimetre  radius,  acts  with  a 
force  of  one  dyne  upon  a  unit  pole  placed  at  the 
centre  of  the  circle. 

Quantity. — The  electro-magnetic  unit  of  quantity  is 
the  quantity  of  electricity  which  in  one  second 
passes  any  section  of  a  conductor  in  which  unit 
current  is  flowing. 

Electromotive  Force  or  Difference  of  Potential. — Unit 
electromotive  force ^  exists  between  two  points 
when  the  work  done  against  the  electrical  forces 
in  moving  unit  quantity  of  electricity  from  the 
one  point  to  the  other  is  one  erg. 

Resistance. — A  conductor  is  said  to  possess  unit 
resistance  when  unit  difference  of  potential  be- 
tween its  ends  causes  unit  current  to  flow  through 
it. 

Capacity. — A  conductor  has  unit  capacity  when  a 
charge  of  one  unit  of  electricity  raises  its  poten- 
tial from  zero  to  unity. 

5.  Practical  Units. — The  following  system  of  units, 
based  upon  the  C.G.S.  electro- magnetic  units,  was 
devised  by  the  British  Association  committee,  and  is  in 
general  use  among  practical  electricians.  It  will  be 
noticed  that  in  this  system  the  units  of  current,  electro- 
motive force,  and  resistance  have  been  chosen  so  as  to 
be  of  suitable  magnitude  for  the  electrical  measurements 
which  most  frequently  occur. 

Current  and  Quantity. — The  practical  unit  of  current 
is  the  ampere,  and  is  one-tenth  (io~i)  of  the 
C.G.  S.  electro-magnetic  unit  of  current.    It  follows 


^   Usually  contracted  into  "  E.M.F. 
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that  the  coulomb,  or  practical  unit  of  quantity, 
is  also  one-tenth  of  the  corresponding  C.G.S. 
unit. 

Electrojnotive  Force. — The  practical  unit  of  E.M.F. 
is  called  the  volt,  and  is  lo^  C.G.S.  units.  This 
is  a  little  less  than  the  electromotive  force  of  a 
Daniell  cell,  the  E.M.F.  of  a  standard  Daniell  of 
the  Post-Office  pattern  being  i  -08  volt. 

Capacity. — A  conductor  is  said  to  have  a  capacity  of 
one  farad  when  it  is  charged  to  a  potential  of 
one  volt  by  a  coulomb  of  electricity.  The  farad 
is  io~9  of  the  C.G.S.  electro-magnetic  unit  of 
capacity. 

Resistance. — A  conductor  is  said  to  possess  a  resist- 
ance of  an  ohm  when  a  difference  of  potential  of 
one  volt  between  its  ends  causes  a  current  of  one 
ampere  to  flow  through  it.  The  ohm  is  therefore 
equal  to  10^  C.G.S.  units  of  resistance. 

Material  standards,  intended  to  represent  the  ohm 
as  above  defined,  were  issued  by  the  B.A.  com- 
mittee, but  their  resistance  is  now  found  to 
be  somewhat  too  small  :  and,  for  the  sake  of 
distinction,  these  standards  and  the  copies  of 
them  which  have  since  been  made  are  known  as 
"  B.A.  Units."  According  to  the  best  deter- 
minations of  Lord  Rayleigh  and  others 

I  B.A.  unit  =  0-987  true  ohm. 

The  B.A.  unit  has  the  same  resistance  as  a  column 
of  mercury  one  square  millimetre  in  cross-section 
and  104-8  centimetres  long;  whereas  the  true 
ohm  would  probably  be  represented  by  a  column 
1 06 -2  centimetres  long. 

At  the  International  Conference  of  Electricians  held 
at  Paris  in  1884,  it  was  agreed  that  the  resistance 
of  a  column  of  mercury  106  centimetres  long 
and  I  square  millimetre  in  section,  at  the  tempera- 
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ture  of  melting  ice,  should  be  adopted,  as  the 
legal  ohm. 

6.  Change  of  Units. — We  have  seen  (§  i)  that  the 
numerical  value  ;z  of  a  length  /  is  given  in  terms  of  the 
unit-length  L  by  the  equation. 

n  =  [ (1) 

Here  we  notice,  in  the  first  place,  that  the  numerical 
value  of  a  concrete  quantity  varies  directly  as  the 
quantity  itself,  and  inversely  as  the  unit  employed  in 
measuring  it.      From  equation  (i)  we  have — 

/=wL   .        .         .        .         .     (2) 

This  second  equation  gives  us  a  complete  expression 
for  the  length  /,  an  expression  which  consists  of  two 
parts — the  first  being  a  number  {n),  and  the  second  a 
quantity  (L)  of  the  same  kind  as  that  under  consideration, 
and  which  we  call  the  unit.  Our  everyday  expressions 
for  all  physical  magnitudes  are,  in  fact,  phrases  which 
consist  of  a  numerical  and  a  denominational  part ;  thus 
we  speak  of  a  length  of  ten  yards,  and  we  say  that  ten 
yards  are  equal  to  thirty  feet.  This  last  statement 
involves  a  change  of  units, — a  process  which  is  perfectly 
easy  when  we  have  only  to  deal  separately  with  units  of 
length,  mass,  or  time  ;  but  which  becomes  more  difficult 
when  two  or  more  of  the  units  have  to  be  simultaneously 
changed.  In  dynamical  problems  which  involve  a 
change  of  units,  it  is  usual  to  change  the  units  one  at 
a  time  ;  but  this  process  becomes  very  laborious  when 
the  fundamental  units  are  involved  in  a  complex  manner 
in  those  derived  from  them,  as  is  the  case  with  most 
electrical  units.  In  proceeding  with  the  general  theory 
of  units,  we  shall  consider  first,  as  a  simple  example, 
the  principle  involved  in  the  statement  that 

10  yards  =  30  feet. 
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Let  /  denote,  as  before,  the  length  to  be  measured  and 

n  its  numerical  value  when  L  is  the  unit  of  length.     We 

wish  to  find  its  numerical  value  n'  when  the  unit-length 

is  L'.     Now 

/        ,     ,      / 
n  =  — ,  and  «  =  ~ , 

.-.  /=«L=//L', 
../ L 


The  value  of  the  quantity  H,  which  is  the  ratio  of  the 
first  unit-length  to  the  second,  is  called  the  change-ratio 
from  the  first  system  to  the  second.  It  is  the  factor  by 
which  the  numerical  value  of  the  quantity  in  the  first 
system  must  be  multiplied  in  order  to  obtain  its  numeri- 
cal value  in  the  second  system.  In  the  case  under 
consideration 

L  _  yard  _  3  feet  _ 


and 


L'     foot     I  foot    ^' 


.-.  «'=«x  p  =  «x  3=  10x3  =  30. 


Dimensions  of  Physical  Quantities. 

7.  Velocity. — We  shall  next  consider  how  the 
measure  of  a  velocity  changes  when  the  units  by  which 
it  is  measured  are  changed  (using,  as  above,  thick  letters 
to  represent  units,  and  italics  to  represent  the  concrete 
quantities).  Let  V  denote  the  unit  of  velocity  based 
upon  L  and  T  as  the  units  of  length  and  time,  V  the 
unit  of  velocity  in  a  second  system  in  which  the  units  of 
length  and  time  are  L'  and  T' ;  and  let  v  denote  a 
concrete  velocity  such  that  a  space  /  is  described  in  the 
time  t. 

U  71  denote  the  measure  (or  numerical  value)  of  this 
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velocity  in   terms  of  the   unit  V,  and  «'  its   value   in 
terms  of  the  second  unit  V,  then 

«=y,  and  «'  =  y7  •        •        •        •     (') 
or  2,^^V  =  «'V'. 

Now  the  measure  of  a  velocity  is  the  number  of  units 
of  space  (-)  described  in  unit  time, 


(2) 


It  /     T    V 

A  ,      I  ,   t  ,      /     T'  ( 

and  «  =l7— j7,  or«  =^.y  ) 

From  equations  (i)  and  (2)  we  have 

V  =  z;  •  7  "y,  and  N' =  v  ^  '  =f"/' 
But 

z;=wV=«'V', 
L     /       ,      L'      f 

which  may  be  written  in  the  form 

«-y=«'y7       ....     (3) 

Equation  (3)  enables  us  to  find  the  measure  («')  of 
the  velocity  in  the  second  system,  when  the  relations 
between  the  fundamental  units  L  and  L',  T  and  T'  are 
known.     Comparing  it  with  the  equation 

nV  =  7i'V'       .        .        .        .     (4) 

we  see  that  the  unit  of  velocity  varies  directly  as  the 
unit  of  length,  and  i7iversely  as  the  unit  of  time.  This 
is  usually  expressed  by  saying  that  the  dimensions  of  the 
unit  of  velocity  are  of  one  degree  in  length,  and 
minus  one  degree  in  time  ;  or  that  the  dimensions  of 
velocity  are  ^  or  LT~^. 
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It    should    be  noticed   that  -  is  not  a  number,  or  a 

ratio  in  the  strict  Euclidean  sense  ;  it  would,  perhaps, 
be  better  to  write  it  in  the  form  L/T,  the  solidiis  or  mark 
/  standing  for  the  word/^r.  It  is  in  this  sense  that  the 
symbol    t    is  used  :   it  indicates    that   in   measuring  a 

velocity  we  have  to  divide  (not  in  the  usual,  but  in  a 
more  extended  sense)  a  length  by  a  time.  When, 
therefore,  we  write 

we  mean  that  the  unit  of  velocity  (V)  is  such  that  the 
space  L  is  described  per  time  T. 

8.  Acceleration. — Proceeding  with  this  reasoning 
we  shall  find  that  in  acceleration  time  is  involved  twice. 
For  acceleration  is  measured  by  the  increase  of  velocity 
per  unit  time  ;  so  that  if  A  denote  the  unit  of  acceler- 
ation, A  is  equal  to  V  per  T,  or  =  V/T,  and  since  we 
have  already  seen  that 


it  follows  that 


A=y=L. 


We  can  arrive  at  the  same  result  more  formally  as 
follows  : — 

Let  A,V,L  and  T  represent  respectively  the  units  of 
acceleration,  velocity,  length  and  time  in  one  system, 
A'»V'>L'  and  T'  the  corresponding  quantities  in  a  second 
system  ;  and  let  a  denote  an  acceleration  such  that  the 
velocity  v  is  generated  in  the  time  /.  If  «  be  the 
measure  of  the  quantity  in  the  first  system, 

a 
A 

But  the  measure  of  an  acceleration  is  the  number  of 
units  of  velocity  generated  per  unit  of  time,  so  that 
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and  similarly 


_v     t  _v     T 
V     / 

A  =0!—  .   =7. 


But  since  the  quantity  measured  in  both  systems  is 
the  same,  we  have, 

a  —  nk  =  n'K        .         .         .         •     (S) 
and 


N     t       ,  V 

I- . ——na— . 

V     -x          V 

V       ,V' 

• 

.        .     (6) 

A  comparison  of  equations  (5)  'and  (6)  shows  that  the 
unit  of  acceleration  varies  directly  as  the  unit  of  length 
and  inversely  as  the  square  of  the  unit  of  time  ;  in  other 
words,  that  its  dimensions  are  \  or  LT~^. 

The  following  example  will  illustrate  the  way  in  which 
these  equations  are  applied  : — 

Ex.  I.  Express  the  acceleration  due  to  gravity  in 
terms  of  the  mile  and  the  hour  as  the  units  of  length  and 
time^  its  value  being  32  when  the  foot  is  the  mtit  of 
length,  and  the  seco?td  the  unit  of  time. 

From  (6)  we  have  directly 

L     T'2 

n  =n  .  —  .  — , 

L'     T2' 

an  equation  which  gives  us  the  required  measure  (;/) 
in  the  new  system,  when  the  relations  between  the 
fundamental  units  in  the  old  and  new  systems  are  known. 
In  the  example  «  =  32, 
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L     foot  I  foot 


L'     mile     (1760x3)  feet     5280 


T'  _  hour  _  3600  seconds 


3600, 


T     second        i  second 
"  '''  =  32  x^-^x  (3600)2  =  78545 -45. 

9.  Force,  "Work,  and  Power. — Before  proceeding  to 
give  the  dimensions  of  other  derived  units  in  mechanics, 
it  may  be  well  to  point  out  the  considerations  which 
determine  the  choice  of  any  new  unit  based  upon  the 
fundamental  quantities  or  upon  derived  units  which  have 
already  been  fixed.  We  shall  take  the  unit  of  force  as 
our  example. 

According  to  the  second  law  of  motion,  force  is 
measured  by  the  change  of  momentum  which  it  pro- 
duces, i.e. 

f  oc  (rate  of  change  of  mv), 

(where  a  denotes  acceleration),  or 

f—hnia.. 

The  units  of  mass  and  acceleration  are  already  fixed, 
but  we  may  make  the  unit  of  force  whatever  we  please, 
and  it  will  obviously  be  most  convenient  to  choose  it  so 
that  the  constant  multiplier  k  shall  be  equal  to  unity. 
Our  equation  will  now  become 

f=ma. 

Now  suppose  7n  and  a  to  be  each  equal  to  unity ;  then  / 
will  also  be  equal  to  unity.  Thus  our  unit  of  force  (F)  is 
defined  as  being  that  force  which  produces  unit  accelera- 
tion in  unit  mass.     We  may  therefore  write 

F=MA, 

but 

A=^ 
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.-.  F='^  =  MLT-S 
an  equation  which  gives  the  dimensions  of  force. 

Since  work  is  measured  by  the  product  of  force  into 
the  distance  through  which  the  force  acts,  the  dimensions 
of  work  will  be  those  of  force  multiplied  by  length,  or 

W=MLT-2xL=ML2T-2. 

The  power  (or  activity)  of  an  agent  is  measured  by 
the  rate  at  which  it  does  work  ;  hence  the  dimensions  of 
power  are 

ML  2T~2 

'^^'^y-  =ML2T-3. 

Knowing  the  dimensions  of  these  quantities,  we  can 
perform  the  change  of  units  without  going  through  the 
lengthy  reasoning  of  §§  7  and  8  ;  we  shall  indicate  the 
general  method  to  be  followed,  but  it  will  be  best  under- 
stood by  reference  to  the  actual  examples  given.  [See 
also  equations  (5)  and  (6)  in  §  8.] 

Let  q  be  any  concrete  quantity,  and  let  its  measure  be 
n  in  terms  of  the  unit  Q,  which  is  based  upon  the  funda- 
mental units  M,  L,  and  T  ;  we  wish  to  find  its  measure 
;/'  in  a  new  system  in  terms  of  the  unit  Q'  which  is 
based  upon  M',  L',  and  T'.  Since  the  quantity  meas- 
ured in  both  systems  is  the  same, 

^  =  «Q  =  «'Q'       ....     (7) 

Let  the  dimensions  of  Q  be  M^L^T^ ;  substituting 
for  0  and  Q'  in  equation  (7)  we  have 

^  =  «-M^L''r=»'- M'*Ln'% 

«'=«-(^)Xt)'(T)".    •   •  <«) 
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Ex.  2.  Find  the  number  of  dynes  in  a  poundal  {the 
poundal  being  the  British  absolute  unit  of  force ^  based 
upon  the  pounds  foot,  and  second). 

Referring  to  equations  (7)  and  (8)  we  see  that,  since 
«=i,  the  required  number  n'  is  the  change -ratio  or 
multiplier  for  changing  from  British  to  C.G.S.  units  of 
force.  The  dimensions  of  force  are  M  LT~^  so  that 
,r=  I,  j=  I,  and  2=  -2.  T  and  T',  the  units  of  time, 
are  the  same  (one  second)  in  both  systems. 

M       pound 

TJ'=    =  453-6, 

M      gramme       '''^ 

L  foot  o 

7-7  = -. — --=30-48, 

L     centmietre 

.'.  w'  =  453-6x  3048=  13825.8. 

Ex.  3.  Find  the  value  of  a  horse-power  in  watts,  a  horse- 
power being  equivalent  to  i^o  foot-pounds  per  second,  and 
the  value  of  g  being  32-18. 

As  the  foot-pound  is  a  gravitation  unit,  we  shall  first 
have  to  reduce  to  the  corresponding  absolute  unit  by 
multiplying  by  g — 

550  foot-pounds  =  55ox  32'i8  foot-poundals. 

The  dimensional  equation  for  finding  the  equivalent 
rate  of  working  in  C.G.S.  units  (ergs  per  second)  is, 

550  X  32.18  X  ML'-^T-3=;/ X  M'L'2T'-3. 

The  units  of  time  (T  and  T')  are  the  same  in  both 
systems  ;  and,  as  in  Example  2, 

i^  =  453-6,  and  -^,  =  30-48, 

.-.  w'  =  55ox  32-18  X  453-6  X  (30.48)2 
'      =745-8x10^. 

Thus  I  horse-power  =  745.8  x  10'''  ergs  per  second,  or 
(since  i  watt  =  i  o'''  ergs  per  second) 

=  745-8  watts. 
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10.  Magnetic  and  Electrical  Units.  —  The 
dimensions  of  the  most  important  of  these  are  given 
below,  and  it  will  be  useful  practice  for  the  student  to 
deduce  them  from  the  corresponding  physical  laws,  as 
we  have  done  in  the  preceding  articles. 

Dimensions  of  Magnetic  Units. 
Strength  of  magnetic  pole     .         .         .         M*L'T~ 
Magnetic  moment  of  magnet  .         .         M^L^T" 

Strength  of  magnetic  field     .         .         .         M^L~^T~ 

Ex.    4.     The    dimensions    of  magnetic   intensity    {or 

strength  of  field)  are  M^L  T  ,  and  the  horizontal 
intensity  of  the  earth's  magnetic  force  at  Aberystwith  is 
0-1774  ^'^  C.G.S.  units:  what  is  its  value  in  British 
{foot-grain-second)  units  ? 

The  intensity  is  the  same,  whatever  units  we  employ 
to  measure  it.  Let  x  be  its  numerical  value  in  the 
British  system,  in  which  the  unit  of  field  intensity  is  H', 
the  corresponding  unit  in  the  C.G.S.  system  being  H  ; 
then 

01774  H=^H', 

or  0-1774  M*L-iT-'=;rM'iL'-^T'-^, 

••— "4(^.)\br(^)"' 

Now  since  i  gramme  =  15-43  grains,  and  i  foot  = 
30-48  centimetres, 

M      gramme  ,  L      centimetre         i 

-inr,—  ■■ —  =  i5-43>  and  1-7  = > = 5> 

M'        gram         ^^^'  L'  foot  30-48 

and  the  units  of  time  (T  and  T')  are  ttie  same  in  both 
systems. 

Thus  jr  =  o.i774x(is.43)ix(— ^g)     , 

=0-1774  X  VI5-43  X  30-48  =  3-847- 
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Ex.  5.  Assuming  Coulomb's  law  {the  law  of  inverse 
squares),  to  find  the  dimensions  of  the  unit  of  qtcantity  in 
the  electrostatic  system. 

According  to  the  law  of  inverse  squares,  the  force 
exerted  between  two  bodies  charged  with  quantities  q 
and  q'  of  electricity,  and  situated  at  a  distance  d  from 
one  another,  is  proportional  to  the  product  of  the  charges 
and  inversely  proportional  to  the  square  of  the  distance. 
Choosing  our  unit  of  quantity  in  accordance  with  the 
definition  of  §  4,  we  may  write  this  in  the  form 

/•_££ 
J-d-^' 

If  we  suppose  that  q'  —  q,  we  have  q^  =  dy,  or 
q  —  dsjf  so  that  the  dimensions  of  the  unit  of  quantity 
are  Lx  VMUT^  or  M^L^T"'- 

Dimensions  of  Electrostatic  Units. 
Quantity  of  electricity     .         .         .          M^L^T" 


Electrostatic  potential 
Capacity 

Strength  of  current 
Resistance 


L 
L-^T 


Dimensions  of  Electro-magnetic  Units. 

Strength  of  current         .         .         .  M^L^T"^ 

Quantity  of  electricity    .         .         ,  M^  L^ 

Potential  or  E.M.F.       .         .         .  M^  L^T"'' 

Resistance     .....  L  T~^ 

Capacity L'^T^ 

11.  Approximate  Calculations.  —  Arithmetical 
working  may  often  be  abbreviated  by  devices  such  as 
the  contracted  methods  of  multiplication  and  division  of 
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decimals.  The  degree  of  approximation  to  which  the 
calculation  must  be  carried  out  depends  upon  the 
accuracy  of  the  data  given.  Physical  measurements  are 
never  absolutely  correct.  If,  then,  we  have  to  calculate 
out  the  results  of  an  experiment  made  by  a  method 
which  is  liable  to  an  error  of  (say)  one  in  a  thousand,  it 
would  be  labour  thrown  away  to  carry  out  the  calcula- 
tion to  more  than  four  or  five  significant  figures.  Now 
it  frequently  happens,  in  working  out  the  results  of 
physical  experiments,  that  the  "  uncorrected  result "  has 
to  be  multiplied  by  one  or  more  correcting  factors  (each 
nearly  equal  to  unity)  in  order  to  obtain  the  "cor- 
rected result ; "  and  it  is  to  the  manipulation  of  these 
factors  that  the  student's  attention  is  now  directed. 

Suppose  that  the  experiment  under  consideration  con- 
sists in  measuring  the  distance  between  two  points  by 
means  of  a  steel  metre  scale,  the  length  of  which  at  0°  C. 
is  known  to  be  1-00057  metre;  and  suppose  further 
that  the  measurement  is  carried  out  at  a  temperature  of 
1 5°  C.  The  steel  scale  expands  on  heating,  and  its 
length  at  15°  is  greater  (Chap.  III.)  than  its  length  at 
0°  in  the  ratio  of  i-oooiS  to  i.  If  the  uncorrected 
distance,  as  determined  by  direct  measurement,  is  d^ 
then  the  true  distance  (corrected  for  error  of  scale  and 
error  through  temperature)  will  be 

t/  =  «r(i+a)(i+j8), 
where  i +a=  1-00057,  and  i +^3=  i-oooiS. 

Now  (i-|-a)(i-}-/3)=i+a-h^  +  a/5;  and  since 
a  =  o-ooo57  and  /?  =  0-000 18,  a/?  =  0-000,000,1026,  so 
that  the  error  caused  by  neglecting  this  last  term  would 
only  be  i  in  10,000,000.  The  measurement  itself  would 
probably  not  be  correct  to  i  in  1,000,000,  so  that  we 
may  safely  adopt  the  approximation,  and  write 

i/'  =  </(i +a  +  /3)  =  flrx  1-00075.      ((/./.) 

c 
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Again,  suppose  that  in  reducing  our  observations  we 

have  to  multiply  the  uncorrected  result  by  — |  •     (This 

correcting  factor  occurs  in  reducing  observed  barometric 
heights  to  o°  C,  and  other  examples  of  its  use  are  given 
in  Chap.  III.)     By  ordinary  algebraical  division  we  have 


I  +a 


We  have  already  seen  that  if  both  a  and  /?  are  small 
quantities  compared  with  unity,  their  product  may  be 
neglected  ;  and  the  same  is  true  for  a^  and  P^. 

Thus  l±''^=i+a-p.     {q.p.) 

Ex.  6.  Find  correctly  to  three  deciinal  places  the 
value  of 

I '0021 7 
15-24  X   '-'^^^Z  . 

1-00192 

I-002I7 

1.00192"^ +°'°°^^7- 0-00192,  {q.p.) 

—  1-00025,  and  therefore 

I -002 17 

15.24  X  '-=  15-24  X  1-00025, 

1-00192 

=  15-24  +  (15-24  X  0-00025), 
=  15-24  +  0-000381  =  15-24381. 

The  answer,  correctly  to  three  decimal  places,  is 
15.244. 

The  student  can  easily  verify  for  himself  the  following 
results,  which  are  approximately  correct  when  the 
quantities  a  and  /3  are  small  compared  with  unity  (so 
that  their  squares  and  higher  powers  may  be  ne- 
glected). 
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Table  of  Approximate  Relations. 


(l+a)(H-j8)=H-a  +  i3 
(l+a)(i-/3)  =  l+a-^ 


(] 

[+a)2=i+2a 

(l-a)2=i-2a 

[+a)3=l  +  3a 
/i+a=l+4a 

(l-a)3=i-3a 
Vl-a=l-^a 

I+a-'-'* 

l-a-'+- 

I+a 

■■1+ 

a-/3. 

12.  Use  of  Logarithms. — It  is  proved  in  treatises  on  algebra 
that  different  powers  of  any  fixed  number  can  be  multiplied  by 
adding  together  the  indices  of  those  powers.  We  may  assume 
that  a  list  can  be  drawn  up,  giving  the  indices  of  the  powers  of 
some  fixed  number  which  are  equal  to  every  whole  number,  say 
from  I  to  io,ooo.  Such  a  list  is  called  a  table  of  logarithms,  and 
the  fixed  number  is  called  the  dase  of  the  system  of  logarithms  : 
we  may  therefore  define  the  logarithm  of  a  number  to  a  given 
base  as  being  the  index  of  that  power  of  the  base  which  is  equal 
to  the  given  number.  Thus  if  a'^  =  n,  then  ;*:  is  called  the  loga- 
rithm of  n  to  the  base  a. 

From  motives  of  convenience  the  number  lo  is  chosen  as  the 
base  of  the  common  system  of  logarithms,  and  a  table  will  be 
found  at  the  end  of  this  book  giving  the  decimal  parts  (to  four 
places)  of  the  common  logarithms  of  numbers  from  i  to  9999. 

To  find  the  Logarithm  of  a  Number  frojti  the  Table. — The  first 
two  figures  of  the  number  are  to  be  found  in  the  left-hand 
column,  and  the  third  in  the  first  series  of  figures  (o  to  9)  in  the 
top  column  ;  the  number  opposite  the  first  two  figures,  and 
below  the  third,  is  the  decimal  part  of  the  logarithm.  When 
the  number  whose  logarithm  is  required  contains  four  figures, 
the  fourth  figure  is  to  be  looked  for  in  the  second  series  of  figures 
(I  to  9)  in  the  top  column  ;  the  proportional  part,  which  is 
found  opposite  the  first  two  figures  and  below  the  fourth,  is  to 
be  added  to  the  part  of  the  logarithm  already  found,  the  right- 
hand  figure  of  the  proportional  part  being  added  to  the  right- 
hand  figure  of  the  logarithm. 
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The  integral  part  of  a  logarithm  is  called  the  characteristic  ; 
the  decimal  part  is  called  the  mantissa. 

The  characteristic  of  the  logarithm  of  a  number  may  be  de- 
termined by  inspection.      For 

10^=1,  ioi=io,  io2=ioo,  etc., 

and  it  therefore  follows  that  the  logarithm  of  any  number  be- 
tween I  and  10  is  a  positive  decimal  fraction  :  the  logarithm  of 
any  number  between  10  and  100  lies  between  i  and  2,  and  the 
logarithm  of  any  number  between  100  and  1000  lies  between  2 
and  3.      Hence  the  rule  : — 

(I.)  The  characteristic  of  the  logarithm  of  a  number  greater 
than  unity  is  one  less  than  the  number  of  integral  figures  in  that 
number.     Thus 

log    3- 14  =  0-4969 

log  31-4   =1-4969 

log  314     =2.4969 

log  3140  =3-4969. 

Again,  since  10^  =  i,  and  io-i  =  o-l,  it  follows  that  the  loga- 
rithm of  any  number  between  o  and  o- 1  is  a  negative  decimal 
fraction,  and  may  therefore  be  written  in  the  form — 

-  I  +  a  decimal  fraction. 

Similarly  the  logarithm  of  any  number  between  o-i  and  o-oi 
{i.e.  between  io~^  and  10-2)  may  be  written  in  the  form — 

-  2  -F  a  decimal  fraction, 

the  decimal  part  being  always  kept  positive.      Hence  the  rule  : — 
(2.)    The  characteristic  of  the  logarithm  of  a  mimber  less  than 
unity  is  negative,  and  is  one  more  than  the  number  of  ciphers 
immediately  following  the  decimal  point. 

Thus  the  logarithm  of  0-314  is  -  i  +0-4969,  which  is  abbre- 
viated thus:  T-4969  ;  the  logarithm  of  0-0314  is  2-4969,  and 
so  on. 

The  operation  of  multiplication  is  performed  by  adding  to- 
gether the  logarithms  of  the  numbers  which  are  to  be  multiplied  : 
the  sum  is  the  logarithm  of  their  product.  Division  is  performed 
by  subtracting  the  logarithm  of  the  divisor  from  that  of  the 
dividend  :  the  remainder  is  the  logarithm  of  the  quotient.     The 
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manner  in  which  these  operations  are  carried  out,  and  the 
method  of  finding  a  number  when  its  logarithm  is  given,  will  be 
best  explained  by  an  example. 

Ex.  7.    To  find  the  value  of ,         >«     — %—  h  the  use  offour- 
'.        -^  -^  (2-54)2  X  13600  -^  "^ '' 

place  logarithms. 


log  453-6   =2.6567 

log    30.48=1.4840  los(2-54) 


2  log  2.54 


log  dividend  =  4. 1407  =  2  x  0-4048  =  0.8096 

log  divisor      =4-9431  log  13600  =4'i335 


log  quotient    =1-1976  log  divisor  =4-9431 

0.1976  is  not  one  of  the  logs  given  in  the  table  :  the  next 
lower  one  is  0.1959,  which  is  the  log  of  1.57.  Now  0.1976 
-0.1959  =  0.0017.  Looking  along  the  row  (in  which  the  log 
is  given)  for  17,  we  find  that  it  stands  in  a  column  headed  by 
the  figure  6,  and  this  is  the  fourth  figure  of  the  number.  Lastly, 
by  rule  (2),  we  see  that  T.i976  =  log  0-1576.  The  value  of  the 
fraction  is  therefore  0-1576. 

A  full  account  of  the  methods  of  logarithmic  calculation  will 
be  found  in  Chambers's  Mathematical  Tables^  and  these  may  be 
used  for  more  accurate  work  ;  but  the  table  of  four-place  loga- 
rithms at  the  end  of  this  book  will  be  found  sufficient  for  work- 
ing out  most  of  the  problems  given. 


The  student  is  advised  to  practise  the  methods  of 
approximation  indicated  in  §  11,  and  to  make  himself 
thoroughly  familiar  with  the  use  of  logarithms,  as  a  large 
amount  of  arithmetical  calculation  will  thus  be  avoided. 

In  working  out  examples  he  should  aim  at  something 
more  than  merely  getting  a  correct  numerical  answer : 
diagrams  or  rough  sketches  should  be  given  wherever 
they  render  the  solution  more  intelligible,  and  formulae 
should  not  be  quoted  without  explanation  unless  the  rela- 
tions which  they  express  are  perfectly  well  known  and 
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easily  remembered.  In  particular,  every  step  in  the 
reasoning  should  be  carefully  thought  out  and  clearly 
explained,  for  the  solution  of  problems  is  not  so  much 
an  end  itself  as  a  means  of  acquiring  a  thorough  and 
intimate  acquaintance  with  physical  laws. 


CHAPTER   I 

DYNAMICS 

Note. — In  all  the  examples,  excepting  where  otherwise  stated, 
the  numerical  value  of  g  is  taken  as  981  when  the  centimetre 
and  second  are  the  units  of  length  and  time,  and  as  32  when 
the  foot  is  the  unit  of  length. 

The  abbreviation  cm.  is  used  for  centimetre{s). 
„  gm.     ■     ,,  gram??ie{s). 

,,  c.c.  ,,  cubic  centimetre{s). 

In  examples  on  change  of  units,  the  following  (approximate) 
relations  may  be  assumed — 

I  foot  =  30-48  cm. 
I  inch  =  2'54  cm. 
I  pound  =  453-6  gm. 

1.  State  and  discuss  Newton's  First  Law  of  Motion, 
and  show  that  it  provides  us  with  a  definition  of  force. 

2.  Enunciate  Newton's  Second  Law ;  state  the 
exact  meaning  of  the  phrase  "  change  of  motion "  as 
used  by  him,  and  explain  how  the  law  enables  us  to 
measure  forces. 

3.  Starting  from  Newton's  Second  Law  of  Motion, 
show  how  to  obtain  a  definition  of  the  C.G.S.  unit  offeree 
(the  dyne).  If  the  weight  of  a  gramme  be  taken  as  the 
unit  of  force,  what  is  the  unit  of  mass  t 

4.  A  force  of  2  5  units  acts  upon  a  mass  i  o  :  find  the 
acceleration  produced,  and  the   space  described  in  30  . 
seconds  from  rest. 
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6.  A  force  of  loo  dynes  acts  upon  a  mass  of  25 
grammes  for  5  seconds  :  what  velocity  does  it  generate  ? 

6.  A  constant  force  acting  upon  a  mass  of  30  grammes 
causes  it  to  move  through  10  metres  in  3  seconds,  start- 
ing from  rest :  what  is  the  value  of  the  force  in  dynes  ? 

7.  A  force  of  1,000,000  dynes  acts  upon  a  body  for 
I  o  seconds,  and  gives  it  a  velocity  of  a  metre  per  second  : 
find  the  mass  of  the  body  in  grammes. 

8.  How  long  must  a  force  of  5  units  act  upon  a  body 
in  order  to  give  it  a  momentum  of  3000  units  ?  (The 
unit  of  momentum  is  that  of  a  gramme  moving  at  the 
rate  of  one  centimetre  per  second.) 

9.  During  what  time  must  a  constant  force  of  60 
dynes  act  upon  a  kilogramme  in  order  to  generate  in  it 
a  velocity  of  3  metres  per  second  ? 

10.  What  force  acting  upon  a  mass  of  50  grammes^ 
for  one  minute  will  produce  a  velocity  of  45  centimetres 
per  second  ? 

11.  A  body  moving  with  uniform  velocity  in  a  circle 
is  commonly  said  to  be  acted  on  by  "  centrifugal  force." 
Discuss  the  correctness  of  this  expression,  stating  whether 
the  quantity  referred  to  is  really  a  force.  Is  its  action 
centrifugal  ? 

12.  State  and  explain  Newton's  Third  Law  of  Motion, 
and  give  examples  of  its  application.     If  the  earth  at- 

v  tracts  the  moon  with  a  force  F,  what  is  the  attraction 
exerted  by  the  moon  upon  the  earth  ? 

13.  The  mass  of  a  gun  is  2  tons,  and  that  of  the  shot 
is  14  lbs.  The  shot  leaves  the  gun  with  a  velocity  of 
800  feet  per  second  :  what  is  the  initial  velocity  of  the 
recoil  ? 

14.  A  56-lb.  shot  is  projected  with  velocity  v  from  a 
gun,  the  mass  of  which  (together  with  its  carriage)  is  6 
tons.  Express,  in  terms  of  v,  the  velocity  of  recoil  of 
the  gun. 

15.  Do  you  consider  weight  to  be  an  essential 
property  of  matter  ?     State  clearly  what  distinction  you 
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would  draw  between  mass  and  weight;  and  illustrate  your 
remarks  by  reference  to  the  force  required  (i)  to  open 
a  large  iron  gate,  well  balanced  and  swinging  upon  good 
hinges,  and  (2)  to  lift  up  the  same  gate  when  lying  on 
the  ground. 

16.  Explain  what  is  meant  by  "  the  acceleration  due 
to  gravity."  If  its  numerical  value  be  32  when  the 
unit  of  length  is  the  foot  and  the  unit  of  time  the  second, 
what  is  its  value  when  the  unit  of  length  is  the  yard 
and  the  unit  of  time  the  minute  ?    (See  §  8,  Ex.  i.) 

17.  A  4-0Z.  weight  is  suspended  from  a  spring-balance 
which  is  carried  in  a  balloon ;  what  will  be  its  apparent 
weight  as  shown  by  the  index  (i)  when  the  balloon  is 
ascending  with  an  uniform  acceleration  of  8  feet  per 
second,  (2)  when  it  is  descending  with  a  velocity  of  16 
feet  per  second  ? 

18.  What  do  you  understand  by  the  phrase  "  weight 
of  a  pound " }  The  British  unit  of  force  (called  a 
poundal)  is  defined  as  being  that  force  which,  acting 
upon  a  pound  mass  for  one  second,  generates  in  it  a 
velocity  of  one  foot  per  second  :  how  many  poundals  are 
there  in  a  pound  weight  } 

19.  Explain  the  distinction  between  gravitation 
measure  and  the  absolute  measure  of  force.  Show  also 
how  the  one  may  be  expressed  in  terms  of  the  other, 
finding,  for  example,  the  number  of  dynes  in  a  gramme 
weight. 

20.  Express  the  weight  of  10  kilogrammes  in  dynes, 
and  the  value  of  a  dyne  in  terms  of  a  gramme  weight, 

21.  Calculate  the  value  of  a  pound  weight  in  dynes. 
(See  note  on  p.  23.) 

22.  A  force  of  980  dynes  acts  vertically  upwards 
upon  a  body  of  mass  5  grammes,  at  a  place  where ^^=  98 1 : 
find  the  acceleration  of  the  body. 

23.  A  force  equal  to  a  weight  of  10  lbs.  acts  upon 
a  mass  of  25  lbs.:  what  is  the  acceleration  produced, 
and  what  momentum  will  be  generated  in  5  minutes  ? 
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24.  A  body  of  mass  6  lbs.  is  acted  upon  by  a  force 
of  30  poundals  :  find  its  velocity  and  momentum  at  the 
end  of  half  a  minute. 

25.  A  spring-balance  is  carried  in  a  balloon  which  is 
ascending  vertically.  Find  the  acceleration  of  the  balloon 
when  a  half-pound  weight  hung  upon  the  spring-balance 
is  found  to  indicate  9  ounces. 

26.  By  what  number  would  the  acceleration  due  to 
gravity  be  expressed,  if  the  day  and  the  mile  were  the 
units  of  time  and  length  ? 

27.  If  the  unit  of  length  were  the  yard,  the  unit  of 
time  the  minute,  and  the  unit  of  mass  a  mass  of  10  lbs., 
what  would  be  the  value  of  the  unit  of  force  in  terms 
of  the  poundal  ? 

28.  A  certain  force  acts  upon  a  mass  of  1 50  grammes 
for  10  seconds,  and  produces  in  it  a  velocity  of  50 
metres  per  second :  compare  the  force  with  the  weight 
of  a  gramme. 

29.  A  force  equal  to  the  weight  of  one  pound  acts 
upon  a  ton  :  what  acceleration  is  produced,  and  what 
will  be  the  velocity  at  the  end  of  10  seconds  ? 

30.  A  certain  force  acts  upon  a  mass  m  and  generates 
/  in  it  an  acceleration  a :  find  the  weight  which  the  force 

would  statically  support. 

31.  A  spring-balance  is  graduated  at  a  place  where 
g=z  32.3  ;  at  another  place  where^=  32,  a  body  is  tested 
and  the  balance  indicates  8  oz. :  what  is  the  correct 
mass  of  the  body  ? 

32.  A  certain  force  acting  on  a  mass  of  1 4  pounds 
for  10  seconds  generates  in  it  a  velocity  of  128  feet  per 
second.  Compare  the  force  with  the  weight  of  one 
pound,  and  determine  the  acceleration  which  it  would 
produce  in  a  mass  of  one  ton. 

33.  An  18-ton  truck  is  moving  at  the  rate  of  30 
miles  per  hour :  what  is  its  momentum  ?  (Take  the 
foot  and  pound  as  the  units  of  length  and  mass.) 

34.  Compare  the  momentum  of  a  1 5 -lb.  cannon-ball 
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moving  at  the  rate  of  300  feet  per  second,  with  that  of  a 
3-0Z.  bullet  which  has  a  velocity  of  700  yards  per  second. 
35.  In  what  time  will  a  velocity  of  45  miles  per  hour 
be  generated  in  a  train  of  80  tons,  if  the  engine  exerts 
upon  it  a  pull  equal  to  a  weight  of  2  tons  ? 
j  36.  If  a  body  of  mass  10  kilogrammes  be  acted  upon 
for  one  minute  by  a  force  which  can  statically  support 
125  grammes,  what  momentum  will  it  acquire  ? 

37.  A  body  of  mass  4  lbs.  is  observed  to  be  moving 
at  a  rate  of  8  feet  per  second  ;  at  this  instant  a  constant 
force  begins  to  act  upon  it  in  the  direction  of  its  motion, 
and  after  20  seconds  its  velocity  has  increased  to  24  feet 
per  second.  Determine  the  magnitude  of  the  force,  and 
explain  clearly  what  unit  of  force  you  employ  in  your 
solution. 

38.  Compare  the  amounts  of  momentum  in  (i)  a  56-lb. 
weight  which  has  fallen  for  2  seconds  from  rest,  and  (2) 
a  cannon-ball  of  1 2  lbs.  moving  with  a  velocity  of  900 
feet  per  second. 

39.  If  the  mile  be  taken  as  the  unit  of  length,  and 
the  acceleration  caused  by  gravity  as  the  unit  of  acceler- 
ation, what  will  be  the  unit  of  velocity  ? 

40.  A  7-lb.  weight  hanging  over  the  edge  of  a  smooth 
table  drags  a  mass  of  56  lbs.  along  it :  find  the  acceler- 
ation, and  the  distance  moved  through  in  5  seconds 
from  rest. 

41.  A  falling  weight  of  162  grammes  is  connected 
by  a  string  to  a  mass  of  1 800  grammes  lying  on  a  smooth 

•^flat    table :    find   the   acceleration,   and    the    tension  of 
the  string. 

42.  A  mass  of  3  lbs.  is  drawn  along  a  smooth 
horizontal  table  by  a  mass  of  6  oz.  hanging  vertically  : 
calculate  the  space  described  in  3  seconds. 

43.  A  force  of  30  dynes  acts  for  12  seconds  upon  a 
body  resting  on  a  smooth  horizontal  plane,  and  imparts 
to  it  a  velocity  of  120  centimetres  per  second :  what  is 
the  mass  of  the  body  ? 
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44.  A  mass  of  1 5  lbs.  lying  on  a  smooth  flat  table  is 
acted  upon  by  a  force  of  60  poundals  :  how  far  will  it 
move  in  6  seconds  ? 

45.  A  body  of  mass  10  is  connected  with  another 
body  of  mass  6  by  a  string  passing  over  a  frictionless 
pulley  :  find  the  acceleration  and  the  distance  moved 
through  in  4  seconds.  Show  how  such  an  arrangement 
could  be  employed  for  finding  the  value  of  ^,  and  explain 
why  the  method  would  be  better  than  that  of  experi- 
menting with  a  freely  falling  body. 

46.  Weights  of  14  and  21  lbs.  are  hung  on  the  ends 
of  a  rope  passing  over  a  pulley  :  find  the  tension  in  the 
rope  in  pounds  weight  and  in  poundals. 

47.  Two  masses  of  1 00  and  120  grammes  are  attached 
to  the  extremities  of  a  string  passing  over  a  smooth 
pulley  :  if  the  value  of  ^  is  975,  what  will  be  the  velocity 
after  8  seconds  ? 

48.  Two  unequal  masses  are  attached  to  the  ends  of 
a  string  passing  over  a  smooth  peg:  find  the  ratio 
between  them  in  order  that  each  may  move  through  16 
feet  in  2  seconds,  starting  from  rest. 

49.  Two  buckets,  each  weighing  28  lbs.,  are  suspended 
from  the  ends  of  a  rope  passing  over  a  windlass  ;  a 
gallon  (10  lbs.)  of  water  is  poured  into  one  of  the  buckets  : 
find  how  far  it  will  descend  in  10  seconds,  neglecting 
friction. 

60,  Describe  Atwood's  machine,  and  explain  how  it 
may  be  used  to  prove — 

(a)  That  when  different  forces  act  upon  the  same  mass 

the  accelerations  observed  are  proportional  to 

the  forces. 
(d)  That  when  the  force  is  constant  the  accelerations 

are  inversely  proportional  to  the  masses. 
(c)  That  the  space  described  in  n  seconds  from  rest 

is  proportional  to  n^. 
What  other  experimental  method  has  been  devised  for 
testing  the  last  proposition  ? 
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61.  The  sum  of  the  two  weights  in  an  Atwood's 
machine  is  2  lbs.,  and  the  difference  between  them  is  an 
ounce  ;  find  the  acceleration  and  the  space  described  in 
the  first  second. 

52.  In  an  experiment  with  Atwood's  machine  the 
masses  were  520  and  480  grammes;  in  2  seconds  from 
rest  the  heavier  mass  descended  76  centimetres.  What 
value  does  this  give  for  the  acceleration  of  gravity  ?  If 
your  result  differs  from  the  usual  value,  suggest  any 
cause  for  the  difference. 

63.  The  two  equal  masses  in  an  Atwood's  machine 
are  each  1 00  grammes  ;  what  excess  weight  must  be 
placed  upon  one  of  them  in  order  that,  at  the  end  of  3 
seconds,  it  may  be  descending  with  a  velocity  of  2 
metres  per  second  ? 

64.  By  means  of  an  Atwood's  machine  a  force  equal 
to  the  weight  of  10  grammes  was  made  to  act  upon  a 
mass  of  500  grammes,  and  it  was  found  that  an  acceler- 
ation of  19-6  cm.  per  second  was  produced.  Find  the 
value  of  ^. 

66.  A  train  starts  from  rest  on  a  level  line  and  moves 
through  1200  feet  in  the  first  minute.  It  then  begins 
to  ascend  an  uniform  incline,  up  which  it  is  found  to 
run  with  uniform  velocity :  find  the  inclination  of  this 
portion  of  the  line  on  the  supposition  that  the  engine 
exerts  a  constant  pull. 

66.  A  body  of  mass  m  moves  with  uniform  velocity 

7/  in  a  circle  of  radius  r.     Prove  that  a  force  —■  is  re-    v 
quired  to  keep  it  in  its  circular  path,  and  that  this  force 
is  directed  along  the  radius  and  towards  the  centre. 

67.  A  body  of  mass  2  lbs.  is  attached  to  the  end  of       /  / 
a  string  a  yard  long,  and  is  whirled  round  at  an  uniform        ^ 
rate,  making  twenty  revolutions  in  a  minute :  what  is  the 
tension  in  the  string  ? 

68.  A  mass  of  a  kilogramme  is  connected  to  a  fixed 
point  by  a  string  one  metre  in  length,  and  whirls  round 
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in  a  circle  once  a  second  :  find  the  tension  of  the  string 
n  terms  of  the  weight  of  a  gramme. 

69.  Assuming  that  there  are  86,164  seconds  in  a 
sidereal  day,  and  that  the  earth's  mean  equatorial  radius 
is  3962  miles  ;  calculate  (in  feet  per  second)  the  acceler- 
ation of  a  point  on  the  equator. 

60.  Starting  from  the  result  of  the  preceding  problem, 
discuss  the  effect  of  the  earth's  rotation  upon  a  spring- 
balance  which  is  used  to  weigh  the  same  body  ( i )  at  the 
pole,  (2)  at  the  equator ;  and  show  that  if  the  earth 
revolved  about  seventeen  times  as  fast  as  it  now  does,  a 
body  on  the  equator  would  have  no  apparent  weight. 

61.  Prove,  by  any  method,  that  the  time  of  a  complete 

oscillation  of  a  simple  pendulum  is   27r      /i  when  the 

amplitude  of  oscillation  is  indefinitely  small. 

62.  Find  the  value  of  ^  at  a  place  where  the  length  of 
the  seconds  pendulum  is  0-994  metre. 

\_N.B. — A  seconds  pendulum  is  one  which  makes  half  a  complete 
oscillation  in  a  second.] 

63.  A  pendulum  i  o  feet  in  length  makes  ten  complete 
l^ oscillations  in  35  seconds:  what  is  the  value  of^  at  the 

place  ? 

^64.  Supposing  a  pendulum  to  be  constructed  to  beat 
seconds  at  a  place  where  ^=950  ;  how  would  its  length 
have  to  be  altered  in  order  to  make  it  beat  seconds  on 
the  surface  of  the  moon,  where  ^=  i  50  ? 

Q3,  Show  that  a  pendulum  of  one  metre  in  length 
would  beat  seconds  if  the  value  of^  were  987. 

66.  What  is  the  value  of  g  at  Greenwich,  where  the 
length  of  the  seconds  pendulum  is  found  to  be  39-14 
inches,  and  what  is  the  length  of  a  pendulum  which  loses 
I  o  minutes  a  day  at  this  place  ? 

67.  The  bob  of  a  pendulum  can  be  raised  by  means 
of  a  screw  which  has  thirty  threads  to  the  inch  ;  if  the 
pendulum  loses  5  minutes  a  day,  how  many  turns  of  the 
head  of  the  screw  must  be  made  in  order  to  correct  it  ? 
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(Assume  that  the  pendulum  keeps  correct  time  when  its 
length  is  39  in.) 

68.  Enunciate  the  law  of  universal  gravitation,  and 
give  an  account  of  the  method  of  measuring  the  attrac- 
tion between  two  spheres,  devised  by  Mitchell,  and  carried 
out  by  Cavendish. 

69.  How  did  Newton  prove  that  the  weight  of  a  body 
is  proportional  to  its  mass  ?  Describe  the  nature  of  his 
experiment,  and  explain  how  he  deduced  his  conclusions. 

70.  Assuming  the  preceding  proposition,  and  the  third 
law  of  motion,  show  that  it  follows  immediately  that  the 
attraction  between  two  gravitating  masses  is  directly 
proportional  to  the  product  of  these  masses. 

71.  Prove  that  a  spherical  shell  exerts  no  attraction 
upon  a  particle  placed  within  it.     You  may  assume 

(a)  That  the  area  of  a  transverse  section  of  a  cone 
of  small  aperture  varies  as  the  square  of  the 
distance  from  the  vertex. 

(d)  That  a  transverse  section  has  a  smaller  area  than 
an  oblique  section  at  the  same  distance,  in  the 
proportion  of  the  cosine  of  the  angle  between 
them. 

72.  Prove  that  a  uniform  spherical  shell  attracts  an 
external  particle  as  if  its  whole  mass  were  condensed  at 
its  centre. 

"Work. — When  the  point  of  application  of  a  force  F 
moves  through  a  distance  s  in  the  direction  of  the  force, 
the  work  (W)  done  is 

W  =  Fj. 

If  the  force  is  measured  in  dynes  (see  §  3)  and  the 
distance  in  centimetres,  the  work  will  be  expressed  in 
ergs. 

If  the  force  is  measured  in  poundals  and  the 
distance  in  feet,  the  work  will  be  expressed  in  foot- 
poundals.      (A  poundal,  or  British  absolute  unit  of  force, 
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is  that  force  which,  acting  upon  a  mass  of  one  pound, 
generates  in  it  an  acceleration  of  one  foot  per  second  in 
a  second.) 

When  the  unit  of  force  is  one  which  depends 
upon  the  intensity  of  gravity,  the  work  is  expressed  in 
gravitation-units,  whose  value  varies  from  place  to  place. 
By  way  of  distinction,  the  erg  and  the  foot-poundal  are 
called  absolute  units.  The  engineer's  unit  of  work — the 
foot-pound — is  a  gravitation-unit ;  it  represents  the  work 
done  at  any  place  in  raising  a  pound  weight  vertically 
through  a  distance  of  one  foot  at  that  particular  place. 
A  foot-pound   is   equal  to  g  foot-poundals  ;    or,  taking 

^=32, 

I  foot-pound  =  32  foot-poundals. 

Since  half  an  ounce  is  ^  of  a  pound,  the  foot-poundal 
about  corresponds  to  the  work  done  in  raising  half  an 
ounce  through  a  vertical  distance  of  one  foot. 

The  kilogramme-metre  (which  is  the  French  en- 
gineer's unit  of  work)  is  the  work  done  in  raising  the 
weight  of  a  kilogramme  through  a  vertical  distance  of 
one  metre  against  the  force  of  gravity.  It  is  open  to  the 
same  objections  as  the  foot-pound,  viz.  that  its  value  varies 
from  place  to  place  and  from  level  to  level. 

The  gramme  -  centimetre  is  the  work  done  in 
raising  a  gramme  weight  through  a  vertical  distance  of 
one  centimetre;  at  a  place  where  ^=981,  the  weight  of 
a  gramme  is  981  dynes,  and  a  gramme-centimetre  is 
equal  to  981  ergs. 

73.  Find  the  work  done  by  a  force  of  50  dynes  acting 
through  a  distance  of  2  metres. 

Here  F  =  50, 

J  =  2  metres  =  200  cm. 
The  work  done  is 

W  =  Fj  =  50X  200=  10,000  ergs. 

74.  How  much  work  is  done  in  raising  a  weight  of 
one  ton  through  a  vertical  height  of  5  yards  ? 
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I  ton  =  2240  lbs. , 
and  5  yards  =15  feet. 

Expressed  in  foot-pounds,  the  work  done  is 

2240  X  15  =  3360. 
Expressed  in  foot-poundals,  the  work  is 

2240  X  15x32=107520  (taking  ^o-  =32). 

75.  The  weight  of  a  tram-car  is  8  tons,  and  the 
resistance  due  to  friction  encountered  in  moving  it  is 
equal  to  one-sixteenth  of  the  weight  of  the  car:  how 
much  work  is  done  in  a  run  of  4  miles  ? 

The  resistance  to  motion  =  weight  of  xV  ton, 

=  weight  of  1 120  pounds. 
The  distance  through  which  this  force  is  overcome  is 
4  miles  =  4x1 760  X  3  feet, 
=  2 1 1 20  feet. 

The  work  done  (expressed  in  gravitation-units)  is 

1 1 20  X  2 1 1 20  foot-pounds  =  23,654,400  foot-pounds. 

76.  Assuming  that  a  person  walking  on  level  ground 
does  work  equivalent  to  the  raising  of  his  own  weight 
vertically  upwards  through  one-twentieth  of  the  distance 
walked,  find  (in  foot-tons)  the  average  daily  work  done 
by  Weston  in  his  walk  of  5000  miles  in  100  days,  his 
weight  being  9  stone  2  lbs. 

The  average  daily  walk  was  50  miles,  and  the  average  daily 
work  was  equivalent  to  the  raising  of  his  own  weight 
through 

50        .,  50  X  1760x3    ,  00  i- 

—  mi  es  = feet  =  50  x  88  x  3  feet. 

20  20  00 

The  weight  raised  was  9  stone  2  lbs.  =  1 28  lbs.  Hence  the 
average  daily  work,  in  foot-tons,  was 

50  X  88  X  3  X  i28_528o_       2 
112x20        ~    7    ~'54y 

77.  A  mass  of  12  kilogrammes  is  raised  through  a 
vertical  height  of  8  metres  :  express  the  work  done  in 
gramme-centimetres,  and  convert  this  into  ergs. 

D 
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78.  A  man  can  pump  30  gallons  of  water  per  minute 
to  a  height  of  16  feet :  how  many  foot-pounds  of  work 
does  he  do  in  an  hour  ? 

79.  An  agent  A  exerts  a  force  equal  to  a  weight  of 
50  lbs.  through  a  distance  of  120  feet,  and  another  agent 
B  exerts  a  force  equal  to  a  weight  of  180  lbs.  through 
90  feet.      What  is  the  ratio  between  A's  work  and  B's  ? 

80.  A  ladder  20  feet  long  rests  against  a  vertical  wall 
and  is  inclined  at  an  angle  of  30°  to  it  :  how  much  work 
is  done  by  a  man  weighing  13  stone  in  ascending  it  ? 

81.  A  body  of  mass  3  lbs.  is  projected  vertically 
upwards  with  a  velocity  of  640  feet  per  second  :  how 
much  work  has  been  done  against  gravity  when  it  has 
ascended  to  half  its  maximum  height .'' 

82.  How  much  work  would  be  done  in  lifting  8  kilo- 
grammes to  a  height  of  12  metres  above  the  surface  of 
the  moon,  where  ^  is  150? 

83.  Two  masses  M  and  M^  are  acted  upon  by  the 
same  force  for  the  same  time  :  find  the  relation  between 
(i)  the  amounts  of  momentum  generated  in  the  masses, 
(2)  the  amounts  of  work  done  upon  them. 

84.  A  body  of  mass  1 2  lbs.  rests  upon  a  horizontal 
plane,  the  coefficient  of  friction  between  it  and  the  plane 
being  0-14:  find  the  work  done  in  moving  the  body 
through  a  distance  of  4  yards  along  the  plane. 

85.  If  the  plane  in  the  preceding  question  were 
inclined  at  an  angle  of  30°  to  the  horizontal,  how  much 
work  would  have  to  be  done  in  order  to  move  the  body 
3  yards  along  it  ? 

86.  Calculate,  in  foot-tons,  the  work  done  in  moving 
a  railway  train  weighing  120  tons  through  a  distance  of 
2  miles  along  a  level  line,  assuming  that  the  resistances 
amount  to  12  lbs.  for  every  ton  in  motion. 

87.  If  we  change  from  a  foot -pound -second  to  a 
yard-pound-minute  system,  in  what  ratio  must  we  alter 
the  unit  of  work  ? 

88.  Find  the  work  done  in  drawing  a  carriage  of  20 
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tons  up  an  incline  one  mile  in  length  and  rising  i  in  120, 
the  coefficient  of  friction  being  yj^. 

89.  The  cylinder  of  a  steam-engine  has  a  diameter 
of  6  inches,  and  the  piston  moves  through  a  distance  of 
10  inches  :  find  the  work  done  per  stroke,  assuming 
the  pressure  of  the  steam  in  the  cylinder  to  be  constant 
and  equal  to  30  lbs.  per  square  inch. 

90.  Two  bodies  of  80  lbs.  and  60  lbs.  are  raised 
through  heights  of  100  feet  and  50  feet  respectively. 
Calculate  the  total  amount  of  work  done,  and  show  that 
it  is  equal  to  the  work  which  would  be  done  in  raising 
the  sum  of  the  weights  through  a  vertical  distance  equal 
to  that  through  which  their  centre  of  gravity  is  raised. 

91.  Assuming  the  result  indicated  in  the  preceding 
question,  and  taking  the  weight  of  one  cubic  foot  of  water 
as  62.5  lbs. ;  find  how  much  work  must  be  done  in  order 
to  empty  a  well  10  feet  in  diameter  and  200  feet  deep, 
filled  to  the  brim  with  water. 


Energy. — The  energy  of  a  body  is  the  power  which 
it  possesses  of  doing  work.  When  it  possesses  this 
power  in  virtue  of  its  position  (as  when  it  is  raised  above 
the  level  of  the  ground)  the  energy  is  called  statical  or 
potential  energy.  When  it  possesses  the  power  of 
doing  work  in  virtue  of  its  motion,  the  energy  is  called 
kinetic  energy  (K.E.) 

The  weight  of  a  body  of  mass  m  grammes  is  ing 
dynes  ;  if  the  body  be  raised  to  a  height  of  h  centimetres 
above  the  level  of  the  ground,  the  work  which  it  can  do 
in  falling  is  mgh  ergs,  or 

The  potential  energy  of  a  body  of  mass  ;;/,  raised  to  a  height  h^ 
is  mgh. 

If  7n  is  expressed  in  pounds  and  h  in  feet,  the  product 
mgh  will  be  the  measure  of  the  energy  in  foot-poundals  ; 
but  expressed  in  foot-pounds  the  measure  of  the  energy 
will  be  mh  simply. 
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Now  if  a  body  be  projected  vertically  upwards  with  a 
velocity  7/,  it  will  rise  to  a  height  h,  such  that 

Multiplying  each  side  of  this  equation  by  — ,  we  have 

^7nv^  =  mgh. 

But  mgh  represents  the  work  which  would  have  to 
be  done  in  order  to  raise  the  body  to  the  height  h ;  and 
this  amount  of  work  is  done  by  the  body  in  virtue  of  the 
energy  of  motion,  or  kinetic  energy,  which  it  possessed 
on  starting ;  hence 

The  kinetic  energy  of  a  body  of  mass  m  moving  with  a  velocity  v 
is  ^mv\ 

[It  should  be  noticed  that  since 

l(2)Xl2=:I, 

the  unit  of  kinetic  energy  is  that  possessed  by  ifwo  units 
of  mass  moving  with  unit  velocity  {no^  that  possessed 
by  unit  mass  moving  with  unit  velocity.)] 

92.  A  reservoir  contains  water  at  a  height  of  200  feet 
above  the  ground  :  what  is  the  potential  energy  of  the 
water  in  foot-pounds  per  gallon  ? 

The  potential  energy  of  each  pound  of  water  in  the  reservoir 
is  200  foot-pounds,  and  one  gallon  of  water  =  10  lbs.  Hence 
the  potential  energy  per  gallon  is  10  x  200  =  2000  foot-pounds. 

93.  What  is  the  potential  energy  of  a  mass  of  25 
kilogrammes  raised  to  a  height  of  40  metres  above  the 
ground  ? 

Its  energy  =  25  x  40  kilogramme-metres, 
=  1000  kilogramme-metres, 
=  1000  X  10^  gramme-centimetres, 
=  981  X  10^  ergs. 

94.  A  stone  of  mass  6  kilogrammes  falls  from  rest  at 
a  place  where  £"=  980  :  what  will  be  its  kinetic  energy 
at  the  end  of  5  seconds  ? 
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The  velocity  acquired  in  5  seconds  will  be 
V  =g  X  5  =  980  X  5  =  4900, 
and  since  6  kilos.  =  6000  gm. , 

K.  E.  =  ^  X  6000  X  (4900)2  =  7 .  203  X  I  o^*'  ergs. 

95.  What  is  the  K.E.  of  a  body  of  mass  16  lbs. 
moving  with  a  velocity  of  50  feet  per  second  1 

Expressed  in  foot-poundals  the  K.  E.  of  the  body  is 
I  X  1 6  X  (50)2  =  20,000. 

Since 'one  foot-pound  =  32  foot-poundals,  the  K.E.  in  foot- 
pounds is 

20,000     - 

— =  625. 

32  ^ 

[We  might  have  commenced  by  defining  kinetic 
energy  as  being  the  value  of  the  product  ^inv^  ;  then 
proceeding,  as  follows,  to  show  that  this  quantity  is  a 
measure  of  the  work  which  a  body  can  do  in  virtue  of 
its  motion  : — 

Suppose  a  body  of  mass  m  moving  with  a  velocity  u 
to  be  acted  upon  by  a  force  F  in  the  direction  of  its 
motion,  and  let  the  acceleration  produced  by  this  force 
be  a  =  — .  After  the  body  has  moved  through  a  space  s 
its  velocity  v  will  be  given  by  the  equation 

Z/2  =  ^^2  ^  2a.s. 

Multiplying  each  term  in  this  equation  by  — ,  we  have 

■|wz/2  =  ^  fiiu^  +  vias. 

But  since  F  =  ma,  mas=FSj  and  Fs  is  the  work  done 
by  the  force  F  acting  through  the  space  s.  Thus  the  work 
done  by  the  force  is  measured  by  the  increase  of  kinetic 
energy  which  it  produces  ;  or, 

[K.E.   at  any  time]  =  [initial  K.E.]  +  [work   done  by   acting 
force]. 

If  the  force  acts  upon  the  body  in  a  direction  opposite 
to  that  of  its  motion,  it  resists  its  motion  and  diminishes 
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its  kinetic  energy:  the  +  sign  in  the  equation  must  be 
changed  to  -  ,  and  we  now  have 

[K.E.  at  any  time]  =  [initial  K.E.]  —  [work  done  against  resist- 
ance]. 

Both  theorems  are  expressed  in  the  statement  that  the 
work  done  by  the  force  is  equal  to  the  change  of  kinetic 
energy  which  it  produces. 

One  case  of  the  second  theorem  is  of  special  import- 
ance. Suppose  the  body  to  be  brought  to  rest  by  the 
resistance  ;  the  final  K.E.  =  o, 

.'.  0  =  [initial  K.E.]—  [work  done  against  resistance], 
or, 

[Initial  K.  E.  ]  =  [work  done  against  resistance]. 

Thus  we  have  shown  that  the  kinetic  energy  (^mv^) 
of  a  body  is  a  measure  of  its  capacity  for  doing  work.] 

96.  A  train  is  moving  at  the  rate  of  i  5  miles  an  hour 
when  the  steam  is  cut  off.  Supposing  the  resistance 
due  to  friction  etc.  to  amount  to  -^  of  the  weight  of  the 
train,  find  how  far  it  will  travel  before  it  comes  to  rest. 

15  miles  an  hour  =  22  feet  per  second. 

If  the  mass  of  the  train  be  ;;/  lbs.,  its  kinetic  energy  (in  foot- 
poundals)  is 

=  — x{22)2. 

2        2      ^     ' 

The  resistance  is  equal  to  the  weight  of  |^  pounds 

=  (w/64)  x^poundals, 

=  /«/2  poundals  (taking  ^'•=32). 

If  the  train  travels  x  feet,  the  work  done  is  {m/2)  x  x  foot- 
poundals  ;  and,  since  it  is  brought  to  rest  by  the  resistance, 
this  must  be  equal  to  its  kinetic  energy, 

.-.  (w/2)  X  x  =  {m/2)  X  (22)2, 
and 

.^  =  484. 

Thus  the  train  travels  484  feet  before  coming  to  rest. 
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97.  A  bullet  of  loo  grammes  is  discharged  with  a 
velocity  of  400  metres  per  second  from  a  rifle,  the  barrel 
of  which  is  one  metre  in  length.  Calculate  the  energy  of 
the  bullet  when  it  leaves  the  muzzle,  and  the  mean  force 
exerted  by  the  powder  upon  it. 

The  kinetic  energy  of  the  bullet  is 

^  X  100  X  (40,000)2  =  8  X  lo^o  ergs. 

The  energy  acquired  by  the  bullet  is  equal  to  the  work  done 
upon  it  (by  the  expansion  of  the  powder)  as  it  travels  down 
the  barrel.  Let  F  denote  the  mean  force,  in  dynes,  exerted 
by  the  powder;  then,  since  Fs  =  ^mv^, 

Fx  100  =  8  X  loio, 
or 

F  =  8  X  I  o^  dynes. 

98.  A  girl  weighing  6  st.  6|  lbs.  skips  6  inches  high 
fourteen  times.  Show  that  the  energy  thus  spent  would 
suffice  to  stop  a  thief  weighing  13  J  stones  and  running  at 
the  rate  of  10  miles  an  hour. 

13^  St.  =  189  lbs.,  and  10  miles  an  hour  =  44/3  feet  per 
second. 

Thus  the  kinetic  energy  of  the  thief  (in  foot-poundals)  is 

^x  189X  (44/3)^  =  1  X  21  X  112x42. 
Again  the  WQrk  done  by  the  girl  is 

14  X  [work  done  in  raising  9o|  lbs.  through  |  foot] 
=  14  X  ^  X  363/4  foot-pounds, 
or,  in  foot-poundals  (taking  ^=  32), 

=  7x363x8  =  7x3x  ii^x^  of  4-  =  K.E.  of  thief. 

99.  Express  (i)  in  foot-pounds  and  (2)  in  foot- 
poundals  the  potential  energy  of  a  mass  of  5  tons 
raised  to  a  height  of  10  yards  above  the  ground. 

100.  A  sack  of  flour  weighs  2^  cwt.  :  to  what  height 
must  it  be  raised  in  order  that  its  potential  energy  may 
be  9240  foot-pounds  ? 

101.  A  4-0Z.  bullet  is  projected  vertically  upwards  with 
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a  velocity  of  800  feet  per  second  :  what  is  its  potential 
energy  when  it  has  ascended  to  its  maximum  height  ? 

102.  A  mass  of  24  kilogrammes  is  raised  to  a  height 
of  1 6  metres  :  find  its  energy  (in  ergs). 

103.  A  kilogramme  weight  is  suspended  from  the 
lower  end  of  a  string  2  metres  long  so  as  to  form  an 
approximately  simple  pendulum  :  calculate,  in  ergs,  the 
energy  of  the  bob  of  this  pendulum  when  it  is  held  so 
that  the  string  makes  an  angle  of  60°  with  the  verti- 
cal. 

104.  What  is  the  energy  of  a  mass  of  5  kilogrammes 
moving  with  a  velocity  of  50  metres  per  second  ? 

105.  A  cannon  ball  of  10  kilogrammes  is  discharged 
from  a  gun  with  a  velocity  of  300  metres  per  second  : 
express  its  kinetic  energy  in  ergs. 

106.  Calculate  the  momentum  and  the  K.E.  of  a  mass 
of  5  cwt.  after  it  has  fallen  through  a  vertical  distance  of 
8  feet. 

107.  A  stone  of  mass  3  lbs.  is  thrown  vertically 
upwards  with  a  velocity  of  96  feet  per  second  :  what  is 
its  kinetic  energy  at  the  end  of  2  seconds  ? 

108.  A  5 -lb.  stone  is  thrown  vertically  up  and  at  the 
end  of  the  first  second  is  moving  upwards  at  a  rate  of  64 
feet  per  second :  calculate  its  kinetic  energy  at  the  moment 
when  it  reaches  the  ground. 

109.  A  mass  of  50  lbs.  starts  from  rest  under  the 
action  of  a  constant  force  and  acquires  a  velocity  of  1 2 
feet  per  second  in  2  seconds  :  what  force  acts  upon  it, 
and  what  will  be  the  kinetic  energy  acquired  at  the  end 
of  the  fifth  second  ? 

110.  A  I  co-gramme  bullet  strikes  an  iron  target  with 
a  velocity  of  400  metres  per  second,  and  falls  dead  : 
how  much  kinetic  energy  is  lost  ? 

111.  A  body  of  mass  m  is  moving  with  a  velocity  such 
that  its  K.E.  is  e  ;  show  that  its  momentum  is  y/ime. 

112.  A  mass  of  50  kilogrammes  starts  from  rest  under 
the  action  of  a  force,  and  some  time  afterwards  is  observed 
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to  be  moving  with  a  velocity  of  10  metres  per  second  : 
how  many  ergs  of  work  have  been  done  upon  it  ? 

113.  How  many  foot-pounds  of  work  must  be  done  on 
a  mass  of  one  ton  in  order  to  give  it  a  velocity  of  1 5  miles 
an  hour  ? 

114,  The  mass  of  a  pendulum-bob  is  100  grammes, 
and  the  string  is  a  metre  long.  The  bob  is  held  so  that 
the  string  is  horizontal,  and  is  then  allowed  to  fall :  find 
its  kinetic  energy  when  the  string  makes  an  angle  of  30° 
with  the  vertical. 

116.  A  shot  travelling  at  the  rate  of  200  metres  per 
second  is  just  able  to  pierce  a  plank  4  cm.  thick :  what 
velocity  is  required  to  pierce  a  plank  1 2  cm.  thick  ? 

Assuming  that  the  resistance  offered  by  the  plank  is  uniform, 
it  follows  from  the  equation 

that  the  thickness  which  the  shot  can  penetrate  is  pro- 
portional to  the  square  of  its  velocity.  If  a  shot  moving 
with  velocity  v  can  pierce  a  plank  of  thickness  /,  and  a 
shot  moving  with  velocity  v'  can  pierce  a  plank  of  thick- 
ness /',  then 

In  the  above  example 

z/'^  =  (200)2  X  1 2/4  =  1 20,000, 

and  therefore  the  required  velocity  is  346-4  metres  per 
second. 

116.  If  a  bullet  moving  with  a  velocity  of  i  50  metres 
per  second  can  penetrate  2  cm.  into  a  block  of  wood, 
through  what  distance  would  it  penetrate  when  moving 
at  the  rate  of  450  metres  per  second  ? 

117.  What  is  the  energy  of  a  train  of  40  tons  moving 
at  the  rate  of  30  miles  an  hour  ?  What  force,  acting  for 
30  seconds,  would  be  sufficient  to  bring  the  train  to  rest  ? 

118.  A  stone  of  mass  3  lbs.  falls  from  rest  for  2 
seconds,  when  it  comes  in  contact  with  a  fiat  roofing- 
slate,  which  it  smashes,  thereby  losing  two-thirds  of  its 
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velocity :  how  much  energy  does  it  lose  by  breaking  the 
slate  ? 

119.  Compare  the  amount  of  kinetic  energy  in  (i)  a 
boulder  of  one  hundredweight  which  has  fallen  for  one 
second  from  rest,  and  (2)  a  one-pound  projectile  moving 
with  a  velocity  of  800  feet  per  second, 

120.  A  bullet  of  90  grammes  leaves  the  muzzle  of  a 
gun  with  a  velocity  of  500  metres  per  second.  If  the 
barrel  be  120  centimetres  long,  find  the  mean  pressure 
exerted  by  the  powder  upon  the  bullet. 

121.  A  railway  carriage  contains  forty  passengers,  whose 
average  weight  is  140  lbs.  If  the  carriage  itself  weighs 
6  tons,  and  is  moving  at  a  rate  of  30  miles  an  hour,  what 
is  its  kinetic  energy  ? 

122.  A  body  of  mass  m  moves  under  the  action  of  a 
force  F  through  a  space  j  in  a  straight  line,  which  is 
inclined  at  an  angle  6  to  the  direction  of  the  force  :  if  v 
be  the  velocity  generated,  show  that  Fs  cos  0  =  ^mv^. 

123.  A  20 -lb.  cannon  ball  falls  through  a  vertical 
distance  of  1600  feet:  what  is  its  energy?  With  what 
velocity  would  it  have  to  be  projected  from  a  cannon  in 
order  to  possess  an  equal  amount  of  energy  ? 

124.  Two  inelastic  balls  moving  in  opposite  directions 
come  into  collision  ;  the  one  has  a  mass  10  and  velocity 
50,  the  other  a  mass  50  and  velocity  10  :  what  is  their 
total  kinetic  energy  before  and  after  impact,  and  what 
has  become  of  the  energy  apparently  destroyed  ? 

125.  A  body  of  mass  56  lbs.  starts  from  rest  under 
the  action  of  a  constant  force,  and  acquires  a  velocity  of 
64  feet  per  second  while  moving  through  a  space  of  160 
feet  :  find  the  acting  force  and  the  work  done  by  it. 

126.  A  constant  force  acts  upon  a  body  for  20 
seconds,  doing  10  units  of  work  upon  it,  and  generating 
in  it  during  the  same  time  30  units  of  momentum  :  find 
the  mass  of  the  body  and  the  velocity  which  it  will  have 
acquired. 

127.  The  bob  of  a  simple  pendulum  is  let  go  when  the 
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pendulum  is  inclined  at  an  angle  of  60°  to  the  vertical. 
Compare  its  kinetic  energy  after  describing  an  arc  of  30° 
with  its  K.E.  at  its  lowest  point. 


Power. — The  power  (or  activity)  of  an  agent  is  the 
rate  at  which  it  can  do  work,  and  is  measured  by  the 
number  of  units  of  work  done  per  unit  of  time.  The 
unit  of  power  commonly  used  by  engineers  in  this 
country  is  the  horse-power,  which  is  defined  as  being  the 
power  of  doing  33,000  foot-pounds  of  work  per  minute,  or 
550  foot-pounds  of  work  per  second. 

128.  Assuming  that  the  pressure  within  the  cylinder 
of  a  steam-engine  remains  constant  throughout  the  whole 
of  the  stroke,  find  the  horse-power  developed  in  each 
cylinder  of  an  engine,  having  given — 

A  =  area  of  piston  in  square  inches. 

P  =  pressure  upon  the  piston  in  pounds  per  square  inch. 

S  =  length  of  stroke  in  feet. 

R  =  number  of  revolutions  per  minute. 

Here  P  denotes  the  intensity  of  the  pressure  on  the  piston  in 
pounds  weight  per  square  inch.  The  total  pressure  on  the 
piston  is  the  weight  of  AP  pounds.  This  is  the  acting 
force,  and  the  distance  through  which  it  moves  in  each 
stroke  is  S  feet. 

Thus  the  work  done  in  each  stroke  is  SAP  foot-pounds. 

Since  there  are  two  strokes  for  each  revolution,  the  number  of 
strokes  per  minute  is  2R,  and  the  work  done  per  minute 
is  2SRAP  foot-pounds.  Thus  the  horse-power  developed 
is 

H.P.  =2SRAP/33,ooo. 

129.  Water  is  supplied  to  a  hydraulic  motor  at  a 
pressure  of  100  lbs.  per  square  inch.  Express  the 
potential  energy  of  the  water  in  the  reservoir  in  foot- 
pounds per  gallon  ;  and  calculate  the  maximum  H.P. 
which  can  be  developed  by  the  motor  if  the  rate  of 
supply  is  50  gallons  per  minute. 
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Let  h  —  height  in  feet  of  the  reservoir.  The  pressure  in 
pounds  weight  per  square  foot  =  Ap,  where  p  =  number  of 
pounds  in  a  cubic  foot  of  water  =  62-5, 

.'.  hx  62-5/144  =  pressure  in  pounds  weight  per  square  inch 
=  100, 

and  h  x  14400/62-5  =  230-4. 

Thus  the  potential  energy  of  one  pound  of  water  is  230-4  foot- 
pounds, and  the  potential  energy  of  one  gallon  (or  10  lbs.) 
is  2304  foot-pounds. 

(Notice  that  since  the  pressure  is  supposed  constant  in  the 
question,  we  must  also  assume  that  the  level  of  the  water  in 
the  reservoir  is  kept  constant. ) 

The  work  done  by  a  supply  of  50  gallons  per  minute  is 

2304  X  50  ft.  -lbs.  per  min. 
The  power  developed  is 

H. P.  =  2304  X  50/33,000  =  3  ^  =  3-49. 

130.  The  nominal  value  of  a  horse-power  is  33,000 
foot-pounds  per  minute.  Express  this  (i)  in  kilogramme- 
metres  per  minute  and  (2)  in  ergs  per  second. 

131.  A  five  H.P.  engine  is  employed  to  pump  water 
from  the  bottom  of  a  mine  100  feet  deep.  How  many 
cubic  feet  of  water  will  it  raise  in  24  hours  }  (i  cub.  ft.  of 
water  =  62 J  lbs.) 

132.  What  should  be  the  indicated  H.P.  of  an  engine 
that  is  intended  to  pump  200  gallons  of  water  per 
minute^to  a  height  of  50  yards  ?     (i  gal.  =  10  lbs.) 

133.  A  300  H.P.  engine  draws  a  train  of  180  tons, 
the  resistance  due  to  friction  being  12  lbs.  per  ton  :  find 
its  maximum  velocity  along  a  level  line. 

134.  Find  the  H.P.  of  an  engine  that  should  be  em- 
ployed for  raising  coal  from  a  pit  200  feet  deep,  the 
average  daily  yield  being  1782  tons. 

135.  Find  the  horse-power  exerted  by  an  engine  which 
draws  150  tons  up  an  incline  of  i  in  200  at  the  rate  of 
I  5  miles  per  hour,  the  resistance  due  to  friction,  etc. 
being  equivalent  to  a  weight  of  1 4  lbs.  for  every  ton  in 
motion. 
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136.  Determine  the  rate  at  which  an  engine  is  work- 
ing when  it  drives  a  train  of  i  50  tons  at  a  rate  of  30 
miles  an  hour,  the  resistance  to  motion  being  equal  to  a 
weight  of  16  lbs.  for  every  ton. 

137.  The  mass  of  a  train  is  200  tons,  and  the  resist- 
ances to  its  motion  amount  to  20  lbs.  per  ton  on  a  level 
line  :  find  the  horse-power  of  an  engine  which  can  just 
keep  it  going  at  the  rate  of  45  miles  an  hour. 

138.  A  steam-engine  supplies  1000  houses  with  100 
gallons  of  water  each,  working  1 2  hours  per  day  :  if  the 
mean  height  to  which  the  water  has  to  be  raised  is  80 
feet,  at  what  rate  does  the  engine  work  ? 

139.  What  alteration  would  be  produced  in  the  unit 
of  work  if  the  units  of  mass,  length,  and  time  were  each 
increased  ten-fold  ?  If  a  horse-power  be  represented  by 
550  under  the  old  system,  what  would  be  its  numerical 
value  in  the  new  ? 


EXAMINATION    QUESTIONS.^ 

140.  A  particle  whose  mass  is  M  pounds  moves 
from  rest  under  the  action  of  a  force  of  P  units  which 
is  constant  in  magnitude  and  direction  :  how  far  will 
the  particle  move  in  7t  seconds,  and  what  space  will  it 
describe  in  the  «th  second? 

If  the    force    be   the   weight   of  the   body,   and   the 

1  The  following  abbreviations  are  used   in  marking  the  sources  from 
which  the  examples  at  the  end  of  each  chapter  are  taken : — 
/•Matric.    =  Matriculation. 
London  j^^^   g^,    ^  Intermediate  Science  (or  ist  B.  Sc.) 

University    -^  g   g^       =  Final  B.  Sc. 
Exammations  l^p^^,   gc.  =  Preliminary  Scientific. 


Camb.  Schol.= Cambridge  Inter-Collegiate  Scholarship  Examinations. 

Camb.  B.A.    =  Cambridge  General  and  Special  B.A.  Exams. 

N.  S.  Tripos  =Natural  Science  Tripos. 

M.  Tripos       =  Mathematical  Tripos. 

Balliol  Coll.    =Brakenbury  Natural  Science  Scholarship,  Balliol  College. 

Vict.  Int.        =Intermediate  B.A.  and  B.Sc.  Exams.,  Victoria  University. 

Ind.  C.  S.       =Indian  Civil  Service. 
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particle  traverse  176-99  feet  during  the  6th  second  of 
motion,  find  the  value  of  "^."  Matric.  1882. 

141.  Explain  fully  what  is  meant  by  the  acceleration 
of  gravity,  and  show  how  the  value  of  ''^"  may  be 
determined  by  Atwood's  machine. 

If  the  acceleration  of  gravity  be  represented  by  unity, 
and  one  second  be  the  unit  of  time,  what  must  be  the 
unit  of  length  ?  Int.  Sc.  1883. 

142.  The  effect  of  force  on  matter  being  either  strain 
or  change  of  motion,  show  that  either  effect  may  be  used 
to  measure  force.  Which  is  the  more  convenient 
measure,  and  why  ?  Owens  Coll,  1881, 

143.  Prove  that  when  a  foot  and  a  minute  are  taken 
as  units  of  length  and  time,  the  same  acceleration  is 
expressed  by  ten  times  the  number  required  to  express 
it  when  the  inch  and  v  30   seconds  are   taken   as  the 

units.  Owens  Coll.  1880. 

144.  Enunciate  Newton's  second  law  of  motion,  and, 
assuming  that  the  force  of  gravity  upon  a  pound  is  32-2 
poundals,  find  the  force  of  gravity  upon  5  grammes  in 

dynes.  Camb.  Schol.  1881. 

145.  What  is  an  absolute  unit?  Specify  the  absolute 
units  of  force,  momentum,  and  work  belonging  to  the 
foot-second-pound  system. 

In  what  ratios  will  these  units  be  changed  if  the  unit 
of  length  be  increased  to  a  yard,  and  the  unit  of  time  to 
a  minute  ?  Prel.  Sc.  1889 

146.  What  is  the  meaning  of  the  equation  P  =  inf^. 
If  the  unit  of  force  be  equal  to  the  weight  of  one  cwt., 

and  the  unit  of  acceleration  be  equal  to  half  a  foot-second 
unit  of  acceleration,  find  the  number  of  pounds  in  the 

unit  of  mass.  Mason  Coll.  1884. 

147.  Explain  the  meanings  of  the  terms  force, 
momentum,  impulse,  energy. 

A  cannon-shot  of  looo  lbs.  strikes  directly  a  target 
with  a  velocity  of  1500  feet  per  second,  and  comes  to 
rest :    what   is   the   measure   of  the   impulse  ?       If  the 
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cannon-shot  rebounded  with  a  velocity  of  200  feet  per 
second,  what  would  be  the  measure  of  the  impulse  ? 

Matric.  1883. 

148.  Two  weights,  of  5  pounds  and  7  pounds  respec- 
tively, are  fastened  to  the  ends  of  a  cord  passing  over  a 
frictionless  pulley  supported  by  a  hook.  Show  that 
when  they  are  free  to  move  the  pull  on  the  hook  is  equal 

to   I  if  pounds  weight.  Matric.  1886. 

149.  A  jet  of  water  is  projected  against  a  fixed  wall 
so  as  to  strike  it  at  right  angles.  If  the  velocity  of  the 
jet  be  80  feet  per  second,  and  100  lbs.  of  water  strike 
the  wall  in  each  second,  what  pressure  will  be  exerted 
against  the  wall  (i)  when  the  water  does  not  rebound; 
(2)  when  it  rebounds  with  a  velocity  of  10  feet  per 
second  ?  im.  Sc.  1883. 

150.  What  is  the  dynamical  unit  of  force?  Show 
that  the  unit  of  force  when  10  feet,  100  seconds,  and 
1000  pounds  are  the  fundamental  units  is  equal  to  that 
when  n  feet,  n  seconds,  and  71  pounds  are  the  corre- 
sponding units.  Camb.  Schol.  1882. 

151.  Describe  Atwood's  machine.  From  the  follow- 
ing data  find  the  numerical  value  of  g^  the  acceleration 
due  to  gravity,  at  a  certain  place: — 

Mass  of  each  box     .  .  .         .  30  oz. 

Equivalent  for  inertia  of  wheel- work  .  10  „ 
Mass  added  to  one  of  the  boxes          .        2   „ 

Space  described  from  rest  in  3  sees.  .  4*0  ft. 

Glasgow  M.A.  1882. 

152.  Two  scale -pans,  each  weighing  2  oz.,  are  sus- 
pended by  a  weightless  string  over  a  smooth  pulley.  A 
mass  of  10  oz.  is  placed  in  one  and  4  oz.  in  the  other  : 
find  the  tension  of  the  string  and  the  pressure  on  each 
scale-pan.  Matric.  1883. 

153.  In  Atwood's  machine  one  weight  is  double  the 
other  ;  the  wheel  is  held  at  rest  whilst  the  string  is  nailed 
to  the  wheel  at  the  top  :  if  the  weights  be  allowed  to 
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move  gently  to  their  position  of  equilibrium,  show  that 
the  line  joining  the  nail  to  the  axle  will  make  an  angle 
of  30°  with  the  vertical. 

Also,  if  the  weights  be,  instead,  allowed  to  move 
freely  after  the  nailing,  find  the  kinetic  energy  of  the 
weights  and  wheels  when  the  nail  arrives  at  this  posi- 
tion. Balliol  Coll.  1881. 

154.  If  two  weights  w  and  2w  are  connected  by  a 
string  passing  over  a  smooth  weightless  pulley,  which 
is  attached  to  a  third  weight  3w  by  a  string  passing 
over  a  smooth  fixed  pulley,  prove  that  the  weight  3'Zf 


descends  with  an  acceleration  ^. 


Camb.  Schol.  1882. 


r~\ 


Let  a  denote  the  acceleration  of  the  weight  2iv  downwards 
relative  to  the  pulley  P,  and  let  j3  de- 
note the  acceleration  of  P  upwards,  or 
of  the  weight  3^  downwards. 
The  actual  acceleration  of  27c  in  space  (or 
relative  to  the  fixed  pulley  P')  is  a  -  /3. 
Let  T  be  the  tension  in  the  string  con- 
necting w  and  2w.  .Considering  the 
motion  of  zw,  we  see  that  the  force 
causing  motion  is  27vg  -  r,  and  the  mass 
moved  is  2w,  and  the  acceleration  pro- 
duced is  a-  ^. 
Therefore 

2ZV  -T  =  2w{a  -  j3). 

The  acceleration  of  7v  upwards  is  a  +  /3, 
and  the  force  acting  upon  7(7  is  t  -  wg ; 
hence 


Fig.  1. 


T  -  zog=w{a  +  ^). 

The  tension  in  the  string  connecting  the  third  weight  with  the 
pulley  P  is  r'  =  2t,  and  the  equation  for  the  motion  of  -^zu  is 

■^Wg  -  2T=  T,1V§. 

Solving  these  three  equations,  we  find  that  the  weight  37^ 
descends  with  an  acceleration  gji^J. 

155.   Taking  the  earth  to  be  a  sphere  of  radius  4000 
miles,   rotating  about  its  axis    in   88,000''  roughly,  and 
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assuming  7r2=io,  ^=32  feet  per  second  at  the  pole, 
show  that  the  weight  of  a  body  will  be  decreased  by 
about  2^  of  the  whole  by  taking  it  from  the  pole  to 
the  equator.  Balliol  Coll.  1881. 

166.  What  is  erroneous  in  the  term  centrifugal  force  ? 

A  skater  describes  a  circle  of  radius  100  feet  with  a 
velocity  of  1 8  feet  per  second :  what  is  his  inclination  to 

the  ice  ?  Edinb.  M.A.  1884. 

157.  Investigate  the  relation  between  the  length  of 
a  simple  pendulum  and  the  time  of  oscillation.  A 
"  second's "  pendulum  is  lengthened  by  i  per  cent : 
how  much  will  it  lose  in  a  day  }     {g=  32.) 

Glasgow  M.A.  1882. 

168.  What  is  meant  by  a  "  simple  pendulum,"  and 
"equivalent  simple  pendulum".'' 

A  pendulum  vibrates  seconds  at  a  certain  place; 
it  is  taken  to  another  where  the  value  of  g  is  greater  by 
I  per  cent.:  find  the  number  of  vibrations  greater  or 
less  per  day.  Glasgow  m.a.  1884. 

169.  A  pendulum  37-8  inches  long  makes  183  beats 
in  3  minutes  at  a  certain  place  :  find  the  force  of  gravity 
there.  Ind.  C.  S.  1886. 

160.  What  is  the  meaning  of  the  expression  "the 
length  of  the  seconds  -  pendulum  "  ?  How  far  could  it 
be  rational  to  make  that  length,  or  some  sub-multiple  of 
it,  the  unit  of  length  ?  What  would  be  the  acceleration 
of  gravity  if  the  length  of  the  seconds -pendulum  were 
the  unit  of  length  ?  N.  s.  Tripos.  1884. 

161.  A  balloon  ascends  with  a  constant  acceleration, 
and  reaches  a  height  of  900  feet  in  one  minute.  Show 
that  a  pendulum  clock  carried  with  it  will  gain  at  the 
rate  of  27-8  seconds  per  hour.  M.  Tripos.  1883. 

162.  Explain  the  terms  7nass  oj  a  pounds  weight  of  a 
pound,  foot-pound. 

A  mass  of  iron  weighing  20  pounds  (i)  falls  freely 
under  the  action  of  gravity  (^=32  ft. -sec.) ;  (2)  descends 
with    an    acceleration  of  25    (ft. -sec.)      Determine  in 
E 
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each  case  the  kinetic  energy  of  the  mass  in  foot-pounds 
when  it  has  fallen  through  loo  feet.  int.  Sc.  1886. 

163.  A  man  weighing  12  stones  does  360,000  foot- 
pounds of  work  against  gravity  in  ascending  a  hill : 
find  the  height  ascended.  Glasgow  M.A.  1882. 

164.  Masses  of  485  and  496  grammes  respectively 
are  connected  by  a  fine  string  and  hung  over  a  very 
light  pulley  as  in  an  Atwood  machine.  Find,  by  con- 
sidering the  work  done,  the  velocity  after  a  fall  of  88  cm. 
from  rest,  supposing  that  friction  may  be  neglected. 
(^=981.) 

If  the  actual  velocity  is  only  three-fourths  the  calculated 
velocity,  find  the  energy  which  has  been  taken  up  by  the 

friction.  Vict,  Int.  1885. 

165.  State  the  laws  of  friction. 

A  curling  rink  is  42  yards  long  from  tee  to  tee.  A 
curling  stone  is  hurled  from  one  tee  with  a  velocity  of 
8-4  feet  per  second,  and  comes  to  rest  at  the  other  tee. 
Find  the  coefficient  of  friction  between  the  stone  and 

the  ice.  Edinb.  M.A.  1884. 

166.  A  constant  force  acting  on  a  body  generates  in 
10  seconds  20  units  of  momentum,  and  does  in  the 
same  time  20  units  of  work :  find  the  mass  of  the 
body  and  its  velocity  at  the  end  of  10  seconds. 

N.  S.  Tripos.  1886. 

167.  While  a  railway  train  travels  half  a  mile  on  a 
level  line,  its  speed  increases  uniformly  from  15 
miles  an  hour  to  30  miles  an  hour  :  show  what  pro- 
portion the  pull  of  the  engine  bears  to  the  weight  of  the 
train.      (Neglect  friction.)  Matric.  1885. 

168.  A  bullet  of  mass  20  grammes  is  shot  horizontally 
from  a  rifle,  the  barrel  of  which  is  one  metre  long,  with 
velocity  400  metres  per  second,  into  a  mass  of  50  kilo- 
grammes of  wood  floating  on  water.  If  the  bullet  buries 
itself  in  the  wood  without  making  splinters  or  causing 
the  wood  to  rotate,  find  the  velocity  of  the  wood  directly 
after  it  is  struck  (that  is,  before  the  velocity  has  been 
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diminished  by  the  resistance  of  the  water).  Also  find 
the  average  force  in  grammes -weight  exerted  on  the 
bullet  by  the  powder  (^=981  centimetres  per  second,  per 
second).  int.  Sc.  1885. 

169.  Show  that  the  difference  of  kinetic  energy  of  two 
particles,  after  sliding  through  the  same  distance  down  two 
planes,  equally  inclined  to  the  horizon,  but  one  rough, 
the  other  smooth,  is  numerically  equal  to  the  work  done 
against  friction  by  the  former  particle.      Owens  Coll.  1884. 

170.  Prove  that  a  train  going  at  45  miles  an  hour 
will  be  brought  to  rest  in  about  284  yards  by  the  breaks, 
supposing  them  to  press  on  the  wheels  with  half  the 
weight   of  the  train,  and  that  the  coefficient  of  friction 

is  -16.  Int.  Sc.  1885. 

171.  A  cannon-ball  weighing  10,000  grammes  is  dis- 
charged with  a  velocity  of  45,000  centimetres  per  second 
from  a  cannon,  the  length  of  whose  barrel  is  200  centi- 
metres :  prove  that  the  mean  force  exerted  on  the  ball 
during  the  explosion  is  5-0625  x  loi*^  dynes. 

Camb.  Schol.  1884. 

172.  Calculate  the  amount  of  work  done  against 
gravity  in  drawing  a  car  of  2  •  5  tons  weight,  laden  with 
thirty  passengers  averaging  9  stones  each  in  weight,  up 
an  incline  the  ends  of  which  differ  1 20  feet  in  level.  Find 
the  horse-power  sufficient  to  do  that  work  in  half  an 

hour.  Edinb.  M.A.  1882. 

173.  A  string  has  one  end  fastened  to  a  fixed  point ;  it 
then  goes  under  a  pulley  which  sustains  a  weight  of  2 
kilogs.,  and  then  over  a  fixed  pulley,  and  at  its  end  it 
sustains  another  weight  of  2  kilogs.  The  strings  are  all 
vertical,  and  the  weight  of  the  pulleys  and  all  friction 
may  be  neglected.  The  weight  is  pulled  up  by  the  free 
weight  descending.  Find  how  long  it  will  take  thus  to 
raise  the  weight  through  2  metres,  and  show  that 
392,000,000  ergs  more  work  can  be  done  by  the  kinetic 
energy  of  the  system.  Baiiioi  Coll.  1880. 

174.  The  amount  of  work  which  can  be  derived  from 
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the  consumption  of  a  kilogramme  of  coke  is  309  x  lo^^ 
ergs.  Of  the  work  thus  derived  one-twentieth  is  usefully 
employed  in  drawing  trucks  up  a  slope  of  30°.  Find  the 
amount  of  coke  required  to  draw  a  weight  of  9400 
megadynes  a  distance  of  1 500  metres  along  the  slope, 
(i  megadyne=io6  dynes.)  Ind.  c.  S.  1885. 

175.  Define  kinetic  energy  and  work.  Calculate 
the  kinetic  energy  of  a  tram-car  weighing  2-5  tons, 
when  it  is  moving  at  the  rate  of  6  miles  an  hour,  and  is 
laden  with  thirty-six  passengers,  averaging  9  stones  each 
in  weight. 

If  the  coefficient  of  kinetic  friction  for  a  tram- 
car  moving  on  its  rails  is  \  ;  find  how  much  work  is 
done  when  the  above  car,  loaded  as  stated,  is  pulled  3 
miles  along  a  level  road.  Edinb.  m.a.  1881. 

176.  Compare  the  amounts  of  momentum  and  of 
kinetic  energy  in  (a)  a  pillow  of  20  lbs.,  which  has 
fallen  through  one  foot  vertically,  and  (d)  an  ounce 
bullet  moving  at  200  feet  per  second.     Edinb.  m.a.  1881. 

177.  Compare  the  strength  of  a  locomotive  engine 
that  can  get  up  a  speed  of  20  miles  an  hour  in  2  minutes 
in  a  train  of  350  tons  with  that  of  an  engine  that  can 
get  up  a  speed  of  30  miles  an  hour  in  2  minutes  in  a 
train  of  250  tons,  the  line  in  both  cases  being  level,  and 

friction  negligible.  Univ.  Coll.  Lond.  1884. 

178.  Show  that  if  a  body  falls  freely  from  rest  under 
the  action  of  gravity,  the  increase  of  its  kinetic  energy 
during  the  loth  second  is  9-5  ^  times  the  increase  of 
momentum  during  that  second,  where  £■  is  the  numerical 
value  of  gravity.  Camb.  Schoi.  1883. 

179.  An  engine  of  one  horse-power  is  capable  of 
doing  33,000  foot-pounds  of  work  per  minute.  What  is 
the  horse-power  of  an  engine  which  can  pump  1000 
gallons  of  water  per  minute  from  a  well  and  project  it 
with  a  velocity  of  80  feet  per  second  through  a  nozzle 
which  is  at  a  height  of  40  feet  above  the  surface  of  the 
water  in  the  well  ?  int.  Sc.  1882. 
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180.  A  railway  train  of  300  tons  is  running  at  45 
miles  an  hour.  Find  its  energy  of  motion  in  foot-tons. 
Also,  if  the  engine,  while  getting  up  the  speed  of  the 
train,  does  work  on  it  at  an  average  rate  of  100  horse- 
power, show  how  long  it  will  take  to  get  up  the  speed  of 
45  miles  an  hour.  [Take  ^=32  (feet,  seconds);  i 
horse-power  =  33,000  foot-pounds  per  minute.] 

Int.  Sc.  1884. 

181.  What  is  the  horse-power  of  an  engine  which 
can  project  10,000  lbs.  of  water  per  minute,  with  a 
velocity  of  80  feet  per  second,  20  per  cent  of  the 
whole  work  done  being  wasted  by  friction,  etc.  ? 

[A^.^. — An  agent  of  one  horse-power  can  do  33,000  foot-pounds 
of  work  per  minute.] 

Matric.  1884. 

182.  If  a  bicyclist  always  works  at  the  rate  of  one- 
tenth  of  a  horse-power,  and  goes  12  miles  an  hour  on 
the  level,  prove  that  the  resistance  of  the  road  is  3*125 

pounds.  Int.  Sc.  1885. 

183.  A  railway  train  of  mass  100  tons  is  moving  at 
20  miles  per  hour.  What  horse-power  would  be  required 
to  impart  to  it  this  velocity  in  5  minutes  from  starting, 
in  addition  to  overcoming  the  resistances  supposed  uni- 
form and  equal  to  12  lbs.  per  ton  ?  (One  horse-power 
=  33,000  foot-pounds  per  minute.)  Camb.  Schol.  1884. 


CHAPTER  II 

HYDROSTATICS 

In  solving  the  examples  in  this  chapter,  the  following 
facts  may  be  assumed  : — 

The  mass  of  a  cubic  foot  of  water  is  looo  ounces  or 
62 J  pounds. 

The  specific  gravity  of  mercury  is  13-6. 

In  examples  on  fluid  pressure,  the  pressure  of  the 
atmosphere  may  be  neglected,  unless  the  contrary  is  ex- 
pressly stated. 

The  normal  atmospheric  pressure  is  that  due  to  a 
column  of  mercury  76  centimetres  in  height.  When  the 
inch  is  taken  as  the  unit  of  length,  the  normal  barometric 
height  may  be  assumed  as  30  inches. 

Geometrical  Relations. — The  ratio  of  the  circumfer- 
ence of  a  circle  to  its  diameter  is  3-1416  (or  approxi- 
mately ^y^-),  and  is  denoted  by  the  Greek  letter  tt. 

The  circumference  of  a  circle  of  radius  r  is  itrr^  and 
its  area  is  izr^. 

The  area  of  the  surface  of  a  sphere  is  477^2. 

The  volume  of  a  sphere  is  Att/^. 

1.  Define  a  fluid,  and  explain  what  is  meant  by  the 
pressure  of  a  fluid  at  any  point  within  it.  Prove  that  the 
pressure  at  any  point  of  a  fluid  at  rest  is  the  same  in 
every  direction. 

2.  State  and  illustrate  the  law  of  transmission  of 
pressures  in  liquids,  and  explain  how  it  is  applied  in  the 
construction  of  hydraulic  presses. 
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3.  Distinguish  between  pressure  and  intensity  of 
pressure  ;  and  find  the  dimensions  of  each  of  these 
quantities  in  terms  of  the  fundamental  units  of  length, 
time,  and  mass. 

4.  Define  density  and  specific  gravity,  pointing  out 
the  essential  distinction  between  them.  Explain  how  it 
is  that  the  density  of  a  substance  has,  in  the  C.G.S. 
system,  the  same  numerical  value  as  its  specific  gravity, 
or  density  relative  to  water. 

5.  A  block  of  mahogany  2  inches  long,  ij  inch 
broad,  and  |  inch  thick  is  found  to  weigh  ^  46 1  grains  : 
express  its  density  in  grains  per  cubic  inch. 

The  volume  of  the  block  is  2xfx|^  =  -^  cubic  inches,  and  its 
mass  is  461  grains.    The  density,  in  grains  per  cubic  inch,  is 


A  = 


volume 


=  461/^=175-6. 


6.  A  ton  of  clay  is  found  to  occupy  a  volume  of  1 8 
cubic  feet  :  what  is  its  density  in  pounds  per  cubic  foot.^ 

7.  The  density  of  water  is  62 J  pounds  per  cubic  foot: 
express  this  in  ounces  per  cubic  inch. 

8.  Basalt  is  three  times  as  heavy  as  water  :  what  is 
its  density  in  ounces  per  cubic  inch  ? 

9.  A  ton  of  chalk  occupies  a  volume  of  1 5  J  cubic 
feet  :  what  is  its  specific  gravity  referred  to  water  as  the 
standard  substance  ? 

The  mass  of  a  cubic  foot  of  the  chalk  is  (2240-7--^-)  pounds,  and 
the  mass  of  a  cubic  foot  of  water  is  62^  pounds.  Hence  the 
required  specific  gravity  (or  ratio  between  the  masses  of 
equal  volumes)  is 

/«-,.«w  2  \  .  125     2240x2x2 

(  2240X—  )-T- — ^  =  —3 =2312. 

\  31/       2  31x125  ^ 

10.  A  cubic  inch  of  a  substance  weighs  half  a  pound : 
what  is  its  specific  gravity  ? 

*  In  this  and  the  succeeding  chapters  the  term  weight  is  occasionally  used 
instead  of  mass,  when  there  is  no  danger  of  confusion  between  the  two. 
When  a  body  is  said  to  be  weighed  in  air,  the  weight  of  the  displaced  air  may 
be  neglected,  unless  the  contrary  is  expressly  stated. 
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11.  The  specific  gravity  of  lead  is  11-4:  what  is  the 
weight  of  a  cube  of  lead  3  inches  in  the  side  ? 

12.  A  mahogany  block  of  the  same  dimensions  as 
that  in  Example  5  is  found  to  weigh  30-35  grammes  : 
express  its  density  in  grammes  per  cubic  centimetre. 

13.  The  specific  gravity  of  iron  is  77  :  what  is  the 
weight  of  an  iron  rod  2^  inches  broad,  2  inches  thick, 
and  1 8  feet  long  ? 

14.  A  body  weighs  1000  pounds,  and  its  density  is  five 
times  that  of  water  :  what  is  its  volume  ? 

15.  How  many  grammes  of  mercury  will  be  required 
to  fill  a  cylindrical  glass  tube,  the  length  of  which  is  70 
centimetres,  and  internal  diameter  o-8  centimetre  ? 

The  cross  -  section  of  the  tube  is  ■7rr^=^-x{o-4.)^  =  ^^'XO-i6 
square  centimetre,  and  its  internal  volume  is  7ox-\--xO'i6 
=  35-2  cubic  centimetres.  The  specific  gravity  of  mercury 
is  13-6  approximately,  and  this  number  also  represents  its 
density  in  the  C.G.S.  system  :  i.e.  i  cubic  centimetre  of 
mercury  =13-6  grammes. 

Thus  35.2  X  i3-6  =  478-72  grammes  are  required  to  fill  the  tube. 

16.  A  tube  120  centimetres  long  holds  600  grammes 
of  mercury  :  find  its  cross-section  and  internal  diameter. 

17.  Find  the  mass  of  a  piece  of  copper  wire  5  metres 
in  length  and  i-8  millimetre  in  diameter,  given  that  the 
density  of  copper  is  8-8. 

18.  A  cylindrical  tube  i  metre  in  length  and  i  centi- 
metre in  internal  diameter  weighs  100  grammes  when 
empty,  and  2 10  grammes  when  filled  with  a  Hquid  :  find 
the  specific  gravity  of  the  liquid. 

19.  Find  the  diameter  of  a  cylindrical  kilogramme 
weight  made  of  brass  (density  8-4),  its  height  being  7-5 
centimetres. 

20.  The  radii  of  two  spheres  are  2  centimetres  and 
3  centimetres,  and  their  masses  are  200  grammes  and 
250  grammes  respectively  :  compare  their  densities. 

21.  A  litre  of  hydrogen  gas  weighs  0-0896  gramme, 
and  the  density  of  carbon-dioxide  is  twenty -two  times 
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that  of  hydrogen  :  how  much  carbon-dioxide  is  required 
to  fill  a  gas-bag  which  holds  10  litres  ? 

22.  One  litre  of  a  liquid  of  specific  gravity  1-4  is 
mixed  with  2  litres  of  a  liquid  of  specific  gravity  0-96, 
and  the  mixture  occupies  nine-tenths  of  the  volume  of  its 
components  :  what  is  its  specific  gravity  ? 

The  volume  of  the  mixture  is 

V  =  — X  3000  =  2700  c.c. 

If  A  denote  its  density,  then  its  mass  in  grammes  is 
VA  =  (iooox  1-4) +  (2000x0-96)  =  1400 +1920  =  3320. 

Thus  A  =  33^=i.23. 

2700         "^ 

23.  If  the  specific  gravities  of  two  liquids  be  4  and  5 
respectively,  find  the  specific  gravity  of  a  mixture  con- 
taining 3  parts  by  weight  of  the  former  to  4  parts  of 
the  latter. 

24.  What  would  have  been  the  specific  gravity  of  the 
mixture  in  the  last  example  if  the  proportions  had  been 
taken  by  volume  instead  of  by  weight  ? 

25.  Equal  volumes  of  two  liquids  whose  specific 
gravities  are  s  and  2s  are  mixed  together,  and  the  mix- 
ture occupies  four-fifths  of  the  sum  of  the  volumes  of  its 
components  :  what  is  its  specific  gravity  ? 

26.  The  density  of  fire-damp  is  one-half  that  of  air : 
what  is  the  density  of  foul  air  containing  1 5  per  cent  of 
fire-damp  ? 

27.  Equal  weights  of  two  liquids  whose  specific 
gravities  are  0-9  and  0-7  are  mixed  together,  and  a  con- 
traction of  I  o  per  cent  occurs  in  the  volume :  what  is 
the  specific  gravity  of  the  mixture  ? 

28.  Equal  volumes  of  three  fluids  are  mixed.  The 
specific  gravity  of  the  first  is  1-55,  that  of  the  second 
1-75,  and  that  of  the  mixture  is  i-6:  find  the  specific 
gravity  of  the  third. 
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Fluid  Pressure. — At  a  depth  z  below  the  surface  of 
a  heavy  Hquid  of  density  p  the  pressure  is 

neglecting  atmospheric  pressure. 

When  g^  p,  and  z  are  all  expressed  in  the  C.G.S. 
system,  p  denotes  the  pressure  in  dynes  per  square  centi- 
metre ;  if  the  factor  g  be  omitted,  p  will  represent  the 
pressure  in  grammes  weight  per  square  centimetre. 
What  we  have  here  called  pressure  is  really  intensity  of 
pressure,  or  pressure  per  unit  area  ;  and  the  pressure  on 
a  surface  of  area  <2  is  P  =/<«,  if  the  intensity  of  the 
pressure  over  the  surface  is  uniform. 

Taking  into  account  the  pressure  due  to  the  atmos- 
phere, the  pressure  at  a  depth  z  is 

where  11  denotes  the  atmospheric  pressure  on  unit  area 
of  the  surface  of  the  liquid. 

29.  Find  the  pressure  due  to  a  column  of  mercury  i 
metre  high. 

Here  z=ioo,  /3=i3.6,  and  taking ^^=981,  we  have 

P  =  g8i  X  100  X  13.6 
=  1-334  X  lo^  dynes  per  sq.  cm. 
=  I '334  megadynes  per  sq.  cm. 

Expressed  in  grammes  weight  per  square  centimetre  the 
pressure  would  be  100  x  13-6=1360. 

30.  What  is  the  pressure  at  a  depth  of  50  feet  below 
the  surface  of  the  sea,  the  specific  gravity  of  sea-water 
being  i'025.? 

The  pressure  in  pounds  per  square  foot  \?,p  =  pz,  where 

/!)  =  density  of  sea- water  in  lbs.  per  cub.  ft., 
and  2  =  depth  below  the  surface  in  feet. 

Now  I  cubic  foot  of  water  weighs  62J  pounds,  and  therefore  i 
cubic  foot  of  sea- water  weighs  62-5  x  1-025  =  64-06  pounds  ; 
thus  the  pressure  is  50  x  64-06  =  3203  pounds  per  square  foot. 
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31.  Find  the  pressure  due  to  a  column  of  water  i 
metre  in  depth.  Express  your  result  (i)  in  grammes 
weight  per  square  centimetre,  and  (2)  in  dynes  per  square 
centimetre, 

32.  Calculate  the  total  pressure  (in  grammes  weight) 
upon  the  base  of  a  cylindrical  vessel  one  decimetre  in 
diameter,  filled  with  mercury  to  a  height  of  40  centi- 
metres. 

33.  What  must  be  the  height  of  a  column  of  mercury 
to  exert  a  pressure  of  i  kilogramme  per  square  centi- 
metre ? 

34.  The  specific  gravity  of  sea- water  is  1-025  ;  cal- 
culate the  pressure  in  grammes  weight  per  square 
centimetre  at  a  depth  of  40  metres  below  the  surface  of 
the  sea. 

35.  Mercury  is  poured  into  a  vessel  until  the  layer  is 
10  centimetres  deep,  and  then  water  is  added  until  the 
depth  of  the  water-column  is  7  5  centimetres  :  determine 
the  pressure  on  the  base  in  dynes  per  square  centi- 
metre. 

36.  What  must  be  the  height  of  a  column  of  water 
in  order  that  the  pressure  at  its  base  may  be  a  mega- 
dyne  (lo*^  dynes)  per  square  centimetre.'* 

37.  Find  the  equivalent  in  dynes  per  square  centi- 
metre of  a  'pressure  of  1000  kilogrammes  weight  per 
square  metre. 

38.  Determine    the    pressure    in    grammes    weight 
exerted  upon  a  horizontal  area  of  2  square  decimetres 
sunk  to  a  depth  of  75  centimetres  below  the  surface  ofv 
oil  of  specific  gravity  0-85. 

39.  If  the  inch  be  the  unit  of  length,  and  the  second 
the  unit  of  time,  what  must  be  the  density  of  the 
standard  substance  in  order  that  the  equation  p=gpz 
may  give  the  pressure  in  pounds  weight  ? 

40.  Express  in  pounds  weight  per  square  foot  the  . 
pressure  at  the  bottom  of  a  lake  300  feet  deep. 

41.  Determine  the  available  water-pressure  (in  pounds 
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per  square  inch)  in  a  laboratory  which  is  supplied  from  V 
a  tank  at  a  height  of  40  feet. 

42.  To  what  depth  must  a  surface  be  sunk  in  water 
in  order  that  the  pressure  upon  it  may  be  60  pounds  per 
square  inch  ? 

43.  If  a  cubic  foot  of  sea-water  weighs  64  pounds,  what 
is  the  pressure  at  a  depth  of  a  mile  under  the  surface  of ' 
the  sea  ? 

44.  If  the  atmospheric  pressure  be   15  pounds  per 
square  inch,  what  is  the  pressure  at  the  bottom  of  a  ^^ 
pond  30  feet  deep  ? 

45.  At  what  depth  below  the  surface  of  water  will 
the  pressure  be  equal  to  two  atmospheres,  if  the  atmos- 
pheric pressure  is  i  megadyne  per  square  centimetre  ? 

46.  Show  that  if  two  Hquids  which  do  not  mix  meet 
in  communicating  tubes,  their  heights  above  the.  com- 
mon  surface   of  separation   will  be   inversely  as  their  ^^ 
densities. 

If  the  heights  of  the  two  liquids  above  the  surface  of  ^ 
separation  are  i  5  and  1 8  inches,  and  the  density  of  the 
first  is  I -08,  what  is  the  density  of  the  second  ? 

47.  I  wish  to  discover  what  the  water  pressure  at  a 
particular  tap  is,  and,  in  order  to  do  so,  I  connect  it 
with  a  mercury  manometer  ;  on  opening  the  tap  the 
mercury  is  forced  to  a  height  of  1 1  o  centimetres  :  ex- 
press the  "  head  of  water  "  in  feet. 

48.  Calculate  the  available  water  pressure  in  pounds  / 
per  square  inch  in  Example  47. 

49.  A  uniform  U-tube  is  about  half  filled  with  water  : 
how  much  oil  of  specific  gravity  o-8  must  be  poured  into 
one  limb  in  order  to  make  the  water  rise  4  inches  in  the 
other  ? 

60.  The  limbs  of  a  V-tube  are  inclined  at  an  angle  of 
60°.  A  length  /  of  the  tube  is  filled  with  water  ;  it  is 
then  held  upright  with  its  limbs  equally  inclined  to  the 
vertical,  and  as  much  oil  of  specific  gravity  s  is  poured 
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into   one  side  as  fills  a  length  /'  of  it :  find  the  differ- 
ence of  level  of  the  liquids  in  the  two  sides. 

[In  Examples  51-55  the  result  is  to  be  expressed  in  grammes 
weight,  neglecting  atmospheric  pressure.] 

61.  What  is  the  pressure  on  an  area  of  10  square 
centimetres  immersed  in  water,  the  centre  of  gravity  of  ^ 
the  area  being  at  a  depth  of  i  5  centimetres  ? 

52.  Calculate  the  pressure  on  a  circular  disc  1 6  centi- 
metres in  diameter  immersed  in  mercury,  the  centre  of 
the  circle  being  at  a  depth  of  25  centimetres  below  the  ^ 
surface. 

53.  A  rectangular  plate  30  centimetres  long  and  10 
centimetres  broad  is  immersed  horizontally  at  a  depth  of 
3  metres  in  brine  of  density  i-i  :  what  is  the  pressure^ 
upon  its  surface  ? 

54.  What  would  be  the  pressure  upon  the  plate  in 
the  preceding  example,  if  it  were  held  in  a  vertical  plane 
with  its  lower  and  higher  corners  60  and  50  centimetres 
respectively  below  the  surface  ? 

55.  A  cube,  the  edge  of  which  is  one  decimetre,  is 
suspended  in  water  with  its  sides  vertical  and  its  upper 
surface  at  a  depth  of  i  metre  below  the  surface  :  find 
the  pressure  on  each  of  its  faces. 

5Q.  Prove  that  if  a  cubical  box  be  filled  with  water, 
the  total  pressure  to  which  it  is  subjected  is  equal  to 
three  times  the  weight  of  the  water  which  it  contains. 

57.  Prove  that  a  body  immersed  in  a  liquid  sustains 
an  upward  pressure  which  is  equal  to  the  weight  of  the 
liquid  displaced  :  and  describe  any  practical  applications 
of  this  fact. 

58.  Describe  how  you  would  demonstrate  experi- 
mentally the  truth  of  the  principle  of  Archimedes  ;  and 
explain  what  is  meant  by  the  apparent  weight  of  a  body 
in  water. 

A  body  weighs  62  grammes  in  vacuo  and  42  grammes  r 
in  water :  find  its  volume  and  specific  gravity. 
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59.  What  will  be  the  apparent  weight  in  water  of  a 
piece    of  rock-crystal    (density    2-7)   which  weighs   35^' 
grammes  in  vacuo  ? 

60.  A  bar  of  aluminium  (density  2-6)  weighs   54-8  J 
grammes  in   vacuo  :  what   will    be    the   loss  of  weight 
when  it  is  weighed  in  water  ? 

61.  An  irregular  solid  is  found  to  weigh  98  grammes 
in  vacuo  and  64  grammes  in  water  :  what  is  its  volume  ?  - 

62.  A  solid  cube,  4  inches  in  the  side,  is  formed  of  a 
substance  of  specific  gravity  12-5  :   what  will  its  apparent  ^ 
weight  in  water  be  ? 

63.  A  body  which  weighs   24    grammes  in   air^   is  ^ 
found  to  weigh  20  grammes  in  water  ;  what  will  be  its 
apparent  weight  in  alcohol  of  specific  gravity  o-8  ? 

64.  A  body  which  weighs  3  5  grammes  in  air  is  found 
to  weigh  30  grammes  in  one  fluid  and  25  grammes  in 
another :  what  will  be  its  weight  when  immersed  in  a 
mixture  containing  equal  volumes  of  the  two  fluids  ? 

Q5.  Two  bodies  are  in  equilibrium  when  suspended 
in  water  from  the  arms  of  a  balance  :  the  mass  of  the 
one  body  is  28  and  its  density  is  5-6  ;  if  the  mass  of  the 
other  is  36,  what  is  its  density  ? 

The  volume  of  the  first  body  is 

28      ^ 
^1  =  ^6  =  ^' 
and  if  «?2  be  the  density  of  the  second  body,  its  volume  is 

..       36 


When  immersed  in  water,  the  apparent  weight  of  the  first 
body  is 

28-5  =  23, 
and  of  the  second 


1  See  note  on  p.  55. 
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Since  these  are  equal, 


.3  =  36-f, 

«2 


.        36 

and  .•.  ^2=  — =  2-77. 

66.  Two  masses  ?n^  and  ^//g  balance  each  other  when 
weighed  in  water  ;  the  specific  gravity  of  the  one  being 
jj,  what  is  that  of  the  other  ? 

67.  A  piece  of  silver  (specific  gravity  =  io«5)  weigh- 
ing 20  grammes  and  a  piece  of  tin  (specific  gravity  = 
7-3)  are  fastened  to  the  two  ends  of  a  string  passing 
over  a  pulley,  and  hang  in  equilibrium  when  entirely 
immersed  in  water  :  determine  the  weight  of  the  tin. 

68.  What  should  be  the  weight  of  the  piece  of  tin  in 
the  preceding  example,  in  order  that  both  bodies  might 
hang  in  equilibrium  when  immersed  in  a  liquid  of 
specific  gravity  1-5  ? 

69.  A  string  is  passed  over  a  pulley  so  that  one  end 
hangs  in  a  beaker  of  water  and  the  other  in  a  beaker 
containing  salt  solution  of  specific  gravity  1-28 1.  A 
lump  of  copper  (specific  gravity  8-9)  is  hung  from  one 
end  of  the  string  so  as  to  be  immersed  in  the  water  : 
what  weight  of  lead  of  specific  gravity  1 1  -4  must  be 
attached  to  the  other  end  of  the  string  so  as  to  keep  the 
copper  in  equilibrium  when  the  lead  is  completely  im- 
mersed in  the  salt  solution  ? 

70.  Find  the  acceleration  with  which  a  stone  of 
specific  gravity  2-8  would  sink  in  water,  and  the  time 
which  it  would  take  to  get  to  the  bottom  of  a  pool  1 6 
feet  deep. 

71.  A  7-lb.  iron  weight  (specific  gravity  y-2,)  is  sus- 
pended from  one  end  of  an  equal-armed  lever  and  im- 
mersed in  water  :  what  weight  must  be  hung  from  the 
other  end  of  the  lever  in  order  to  counterpoise  it } 

72.  A  cube  of  gutta-percha  (specific  gravity  0.96), 
two  centimetres  in  the  side,  is  suspended  from  the  short 
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pan  of  a  hydrostatic  balance,  and  a  basin  of  water  is 
placed  beneath  :  what  weight  must  be  placed  upon  the 
pan  in  order  that  there  may  be  equilibrium  when  the 
gutta-percha  is  completely  immersed  ? 

73.  State  the  conditions  which  must  be  fulfilled  in 
order  that  a  body  may  float  in  equilibrium  in  a  liquid;, 
and  show  that  if  a  homogeneous  body  of  volume  v  and 
specific  gravity  s  floats  in  a  liquid  of  specific  gravity  /, 
the  volume  of  the  part  immersed  will  be  ^. 

74.  What  volume  of  water  will  be  displaced  by  a 
kilogramme  of  wood  of  specific  gravity  075  floating  in 
equilibrium  ? 

76.  A  piece  of  cork  of  mass  300  grammes  and  density 
0.25  is  placed  in  a  vessel  full  of  water  :  how  much  water 
will  overflow  ? 

76.  The  specific  gravity  of  ice  is  0-918  and  that  of 
sea-water  is  i  -03  :  what  is  the  total  volume  of  an  ice- 
berg which  floats  with  700  cubic  yards  exposed  ? 

77.  A  sphere  of  density  0-95  and  volume  100  cubic 
centimetres  floats  on  water.  Oil  of  density  0.9  is  poured 
upon  the  water,  the  layer  of  oil  being  deep  enough  to 
cover  the  sphere  :  how  much  of  it  will  now  be  immersed 
in  the  water  ? 

78.  A  solid  body  floats  in  water  with  just  half  its 
volume  immersed.  When  it  floats  in  a  mixture  of  equal 
volumes  of  water  and  another  liquid,  one-third  of  it  is 
immersed:  find  the  specific  gravities  of  the  solid  and 
liquid. 

79.  A  sphere  of  glass  (density  2- 8)  is  dropped  into  a 
vessel  containing  mercury  and  water :  find  its  position 
of  equilibrium. 

80.  A  solid  weighs  100  grammes  in  air  and  64 
grammes  in  a  liquid  of  specific  gravity  1-2  :  what  is  its 
specific  gravity  ? 

81.  A   body   weighs    124   grammes    in    vacuo,    108 
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grammes  in  water,  and  98  grammes  in  another  liquid : 
what  is  the  specific  gravity  of  the  Hquid  ? 

82.  A  solid  which  weighs  120  grammes  in  air  is 
found  to  weigh  90  grammes  in  water  and  78  grammes 
in  a  strong  solution  of  zinc  sulphate  :  what  is  the  specific 
gravity  of  the  solution  ? 

83.  A  specific  gravity  bottle  weighs  14-72  grammes 
when  empty,  39-74  grammes  when  filled  with  water, 
and  44-85  grammes  when  filled  with  a  solution  of 
common  salt :  what  is  the  specific  gravity  of  the 
solution  ? 

84.  A  specific  gravity  bottle  when  filled  with  water 
weighs  61-485  grammes,  and  when  filled  with  methylated 
spirit  53-462  grammes.  If  the  bottle  weighs  15-063 
grammes  what  is  the  specific  gravity  of  the  spirit  ? 

85.  In  a  determination  of  the  specific  gravity  of  a 
saturated  solution  of  zinc  sulphate  with  the  same  bottle,  i 
the  weight  of  the  bottle  filled  with  water  was  61-460 
grammes,  and,  when  filled  with  a  solution  at  I4-6°C., 
81-559  grammes :  find  the  specific  gravity  of  the  solution 
at  this  temperature. 

86.  Find  the  specific  gravity  of  a  mixture  of  methy-    i 
lated  spirit  and  water  from  the  following  data : — 

Weight  of  empty  bottle      =  15-056  gm. 
„         bottle  +  water     =61-500    „ 
„         bottle  +  mixture  =  57-450    „ 

87.  A  specific  gravity  bottle  was  found  to  weigh 
39*74  grammes  when  filled  with  water.  Some  iron 
nails  weighing  8-5  grammes  were  introduced,  and  the 
bottle  was  again  filled  up  with  water.  The  weight  now 
was  47-12  grammes:  show  that  the  specific  gravity  of 
the  iron  nails  was  7-59. 

88.  After  removing  the  nails  from  the  bottle,  40-37 
grammes  of  lead  shot  was  introduced,  and  after  filling 
up  with  water,  the  weight  of  the  whole  was  76-54 
grammes  :  what  was  the  specific  gravity  of  the  shot .'' 

F 
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89.  Find  the  specific  gravity  of  monoclinic  sulphur ^ 
from  the  following  data  : — 

Weight  of  sulphur  taken  .  .  .     0-5260  gm. 

„         sp.  gr.  bottle  +  water  (full)  49-9598     „ 
,,         bottle  +  sulphur  +  water    .   50.2158    ,, 

90.  A   solid,  lighter    than  water,   and  weighing   25 
grammes  in  air,  is  fastened  to  a  piece  of  metal,  and  the  ^^ 
combination  is  found  to  weigh  36  grammes  in  water :  if 
the  piece  of  metal  weighs  4  5  grammes  in  water,  what  is 
the  specific  gravity  of  the  light  solid  ? 

91.  Find  the  specific  gravity  of  a  given  solid  from 
the  following  data  ; — 

Weight  of  sohd  in  air  ,  .  -0.5     gm. 

„  sinker  in  air        .  .  .     4.0       „ 

„         solid  and  sinker  in  water  .      3*375  „ 

Specific  gravity  of  sinker     .  .  .      8'0      „ 

92.  A  sinker  weighing  ^8  grammes  is  fastened  to  a 
piece  of  cork  weighing  10  grammes,  and  the  two  together 
just  sink  when  placed  in  water :  find  the  specific 
gravity  of  the  sinker,  taking  that  of  cork  as  0-25. 

93.  In  order  to  determine  the  specific  gravity  of  a 
piece  of  fluor-spar,  it  was  placed  upon  the  upper  pan  of 
a  Nicholson's  hydrometer,  and  weights  were  added  until 
the  instrument  sank  to  a  fixed  mark  in  the  stem.  On 
removing  the  fluor-spar  an  additional  weight  of  9*85  ,, 
grammes  had  to  be  added.  This  additional  weight  was 
next  taken  off  and  the  spar  placed  in  the  lower  pan 
(immersed  in  water),  when  it  was  found  that  3-06 
grammes  had  to  be  placed  in  the  upper  pan  to  sink  the 
hydrometer  to  the  same  mark  :  what  was  the  specific 
gravity  of  the  spar  ? 

94.  A  Nicholson's  hydrometer,  when  floating  in 
water,  required  a  weight  of  0-15  gramme  to  be  placed 
upon  the  upper  dish  in  order  to  make  it  sink  to  a  fixed 
mark  on  the  stem  ;  and  5-72  grammes  had  to  be  placed 
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upon  the  dish  in  order  to  make  it  sink  to  the  same  mark 
in  a  solution  of  salt.  If  the  hydrometer  weighed  94'47 
grammes,  what  was  the  specific  gravity  of  the  solution  ? 

95.  Walker's  specific  gravity  balance  consists  of  a 
lever  with  unequal  arms  ;  a  fixed  weight  is  hung  from 
the  shorter  arm,  and  the  longer  arm  is  graduated  in 
inches  and  tenths  of  an  inch.  The  lever  rests  on  a 
knife-edge  at  X,  and  is  horizontal  when  a  body  is  sus- 
pended in  air  from  a  point  Y  on  the  long  arm ;  when  it 
is  immersed  in  water  the  point  of  suspension  has  to  be 
moved  to  Z  in  order  to  obtain  equilibrium  :  show  that 
the  specific  gravity  of  the  body  is 

XZ/(XZ  -  XY). 

06.  The  specific  gravity  of  a  piece  of  solder  was 
determined  by  Walker's  balance.  When  weighed  in 
air  the  length  of  the  arm  (or  distance  of  the  point  of 
suspension  from  the  knife-edge)  was  1 1-05  inches  ;  when 
weighed  in  water  the  length  of  the  arm  was  12-55  inches : 
show  that  the  specific  gravity  of  the  solder  was  8-37. 

97.  In  order  to  find  the  specific  gravity  of  a  mineral 
two  experiments  were  made,  the  position  of  the  weight 
on  the  short  arm  being  altered  after  the  first  deter- 
mination. 


Length  of  Arm 

p         J     ( Substance  weighed  in  air     . 
^^'     'I           M               „          water 

.       578  in. 

.    9-07  ,, 

E^p-"-l     ;:      ;:    wL; 

.       9-17  „ 
.     14-42  ,, 

Show  that  the  mean  result  of  the  two  experiments  is 
2.751. 

98.  The  lever  of  a  Walker's  balance  is  in  equilibrium 
when  a  body  is  suspended  from  a  point  Y  on  the  long 
arm,  the  fulcrum  being  at  X.  When  the  body  is 
immersed  in  water  the  point  of  suspension  is  at  Z,  and 
when  it  is  immersed  in  another  liquid  the  point  of  sus- 
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pension  is  at  Z'.     Prove  that  the  specific  gravity  of  the 
liquid  is 

XZ(XZ'  -  XY)/XZ'(XZ  -  XY). 

99.  A  pebble  was  suspended  from  the  long  arm  of 
the  balance,  and  weighed  successively  in  air,  in  water, 
and  in  methylated  spirit,  the  lengths  of  the  arms  being 
5'78  inches,  g-i  inches,  and  8-27  inches  respectively: 
find  the  specific  gravity  of  the  pebble  and  of  the  spirit. 

100.  The    area  of  the  smaller    piston  of  a   Bramah 
press  is  2|^  square  inches,  and  the  area  of  the  larger  \y 
piston  is  200  square  inches.     A  force  equal  to  a  weight 
of  3  pounds  is  applied  to  the  smaller  piston  :  what  pres- 
sure will  be  communicated  to  the  larger  one  ? 

101.  The  lever  of  a  hydraulic  press  gives  a  mechanical 
advantage  of  6  ;  the  sectional  area  of  the  smaller  plunger 
is  half  a  square  inch,  and  that  of  the  larger  plunger  i  5 
square  inches.  A  56 -lb.  weight  is  hung  from  the 
handle  :  what  weight  will  the  large  plunger  sustain  ? 

102.  If  the   diameters    of  the  pistons  of  a  Bramah 
press  are  in  the  ratio  of   10   to  i,  and  a  power  of  14 
pounds  applied  to  the  smaller  piston  produces  a  pressure    ^ 
of  I  ton  on  the  larger,  what  is  the  ratio  of  the  arms  of 
the  lever  used  for  working  the  piston  ? 

103.  The  two  pistons  of  a  hydraulic  press  have 
diameters  of  a  foot  and  an  inch  respectively  :  what  is 
the  pressure  exerted  by  the  larger  piston  when  a  weight  ' 
of  56  pounds  is  placed  on  the  smaller  one?  If  the 
stroke  of  the  smaller  piston  is  i|^  inch,  through  what 
distance  will  the  larger  piston  have  moved  after  ten 
strokes  ? 

104.  The  small  piston  of  a  hydraulic  press  is  |  inch 
in  diameter,  and  is  worked  by  a  lever :  the  distance  , 
from  the  piston  to  the  fulcrum  is  3^^  inches,  and  from 
the  fulcrum  to  the  power  is  35  inches.  If  the  large 
piston  is  9  inches  in  diameter,  what  is  the  mechanical 
advantage  ? 
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105.  Give  a  clear  explanation  of  the  manner  in 
which 'the  column  of  mercury  in  a  barometer  is  sup- 
ported. Why  is  mercury  the  liquid  generally  em- 
ployed ?  How  is  the  height  of  the  mercurial  column 
affected  (i)  by  changes  of  temperature;  (2)  by  the 
narrowness  of  the  tubes  ;  (3)  by  differences  in  the  value 
of^? 

106.  What  is  meant  by  the  "capacity  error"  of  a 
cistern  barometer  ?  Give  a  brief  description  of  Fortin's 
barometer,  explaining  the  adjustment  by  which  the 
mercury  in  the  cistern  is  kept  at  a  constant  level. 

107.  How  will  the  reading  of  a  barometer  be  affected 
if  its  tube  is  not  in  a  vertical  position  ?  Calculate,  as  an 
example,  the  length  (or  apparent  height)  of  the  mercurial 
column  in  a  barometer,  the  tube  of  which  is  inclined  at 
30°  to  the  vertical,  the  actual  barometric  height  being 
30  inches. 

108.  What  is  the  height  of  a  water  barometer  when  a 
mercurial  barometer  reads  30  inches  ? 

109.  During  a  storm  a  mercurial  barometer  falls 
from  30  to  29  inches  :  through  what  distance  would  a 
water  barometer  fall  under  the  same  conditions  ? 

110.  Find  the  height  of  a  glycerine  barometer  when 
the  water  barometer  stands  at  32  feet.  (Density  of 
glycerine  =  1-27.) 

111.  When  the  barometric  height  is  76  centimetres, 
a  glycerine  barometer  is  found  to  stand  at  810  centi- 
metres. Calculate  from  this  the  specific  gravity  of 
glycerine  referred  (i)  to  mercury  ;  (2)  to  water,  as  the 
standard  substance. 

112.  What  would  be  the  height  of  a  barometer  con-  , 
taining  oil  of  specific  gravity  o-86,  when  the  height  of  a 
mercurial  barometer  is  7  5  centimetres  ? 

113.  Given  that  the  atmospheric  pressure  .is  15 
pounds  per  square  inch,  calculate  its  value  in  kilo- 
grammes per  square  metre. 
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Atmospheric  pressure  per  unit  area.  —  If  the 

barometric  height  h  be  given,  the  numerical  value  -of  the 
atmospheric  pressure  in  units  of  force  per  unit  area  may 
be  found  as  follows  :— 

Let  n  denote  the  pressure  in  dynes  per  square  centi- 
metre, and  /)  the  density  of  mercury  =  13-596,  then 

or,  taking  the  normal  barometric  height  (76  centimetres), 
11  =  76  X  13-596  X  981  =  1,013,226. 
Thus  the  normal  atmospheric  pressure  is  somewhat 
greater  than  a  megadyne  (one  milHon  dynes)  per  square 
centimetre.  Expressed  in  grammes  weight  per  square 
centimetre  the  pressure  is 

n=/^/3  =  76  X  13.596=  1033. 
This  corresponds  to  a  weight  of  10,330  kilogrammes 
per  square  metre. 

Suppose  we  require  to  express  the  atmospheric  pres- 
sure in  pounds  weight  per  square  inch,  when  the  baro- 
meter stands  at  30  inches.  Consider  a  barometer-tube 
the  cross-section  of  which  is  i  square  inch  ;  the  pressure 
at  the  base  of  the  column  of  mercury  is  equal  to  the 
weight  of  the  column  itself  Now  we  know  that  i 
cubic  foot  (or  1728  cubic  inches)  of  water  weighs  1000 
ounces  or  62-5  pounds.  Thus  i  cubic  inch  of  water 
weighs  ^  pounds,  and  i  cubic  inch  of  mercury  weighs 
^  X  1 3*596  pounds.  The  weight  of  a  column  30  inches 
high  and  i  square  inch  in  cross-section  will  therefore  be 

^x  13.596x30=  14.75  lbs. 

Hence  the  pressure  is  equal  to  a  weight  of  14-75  pounds 
on  the  square  inch. 

114.  Prove  that  a  pressure  of  i  megadyne  (10^ 
dynes)  per  square  centimetre  corresponds  almost  exactly 
to  a  barometric  height  of  7  5  centimetres. 
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115.  Calculate,  in  dynes  per  square  centimetre,  the 
atmospheric  pressure  when  the  barometer  stands  at  78 
centimetres. 

116.  What  is  the  atmospheric  pressure,  in  pounds 
per  square  inch,  when  the  barometric  height  is  28-5 
inches  ? 

117.  Determine  the  value  of  the  atmospheric  pressure 
in  ounces  per  square  foot,  when  the  height  of  the  water 
barometer  is  30  feet. 

118.  Express  in  grammes  weight  per  square  centi- 
metre, and  aLso  in  kilogrammes  weight  per  square 
metre,  the  pressure  due  to  the  atmosphere  when  the 
barometric  height  is  74  centimetres. 

119.  The  mercury  in  a  cistern  barometer  stands  at 
75-8  centimetres;  calculate,  in  absolute  measure,  the 
pressure  on  the  free  surface  of  the  cistern,  the  area  of 
which  is  40  square  centimetres. 

120.  What  change  in  the  atmospheric  pressure,  on  a 
square  inch,  is  indicated  by  a  fall  of  i  inch  in  the  height 
of  the  barometric  column  ? 

121.  State  Boyle's  law,  and  explain  the  nature  of  the 
limitations  to  which  it  is  subject.  Give  an  account  of 
Regnault's  investigations  upon  the  accuracy  of  the  law. 

122.  The  volume  of  a  quantity  of  gas  is  measured 
when  the  barometer  stands  at  72  centimetres,  and  is 
found  to  be  646  cubic  centimetres  :  what  would  its 
volume  be  at  the  normal  pressure  ? 

The  normal  pressure  is  that  due  to  a  column  of  mercury  76 
centimetres  high  ;  and  if  /  and  v  denote  the  original 
pressure  and  volume,  and  p'  and  v'  the  final  pressure  and 
volume,  the  relation 

expresses  Boyle's  law. 
Thus  the  volume  under  the  normal  pressure  would  be 

V  =v  xpfp'  =  6^6  X  72/76  =  612  c.c. 

123.  At  what  pressure  would  the  gas  in  the  preceding 
question  have  a  volume  of  580  cubic  centimetres  ? 
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The  required  pressure  is  given  by  the  equation 

p'  =:p  X  vjv'y 

and  is  therefore  equal  to  the  pressure  due  to  a  column  of 
mercury  72  x  646/580  =  80-19  centimetres  high. 

124.  A  piston  is  situated  in  the  middle  of  a  closed 
cylinder,  10  inches  long,  and  there  are  equal  quantities 
of  air  on  each  side  of  it.  The  piston  is  pushed  until  it 
is  within  an  inch  of  one  of  the  ends  :  compare  the 
pressures  on  each  side. 

125.  The  same  quantities  of  air  are  contained  in  two 
hollow  spheres  of  radii  r  and  r'  respectively  :  compare 
the  pressures  within  the  two  spheres. 

126.  A  quantity  of  hydrogen  gas  was  found  to 
measure  146-8  cubic  centimetres  when  the  barometer 
stood  at  78  centimetres.  On  the  next  day  the  volume 
had  increased  to  159-2  cubic  centimetres  :  what  was  now 
the  barometric  height  ? 

127.  A  cylindrical  receiver,  fitted  with  a  piston,  con- 
tains air  at  a  pressure  of  1 5  pounds  per  square  inch 
when  the  piston  is  2  feet  from  the  bottom  of  the 
receiver.  What  will  be  the  pressure  of  the  contained  air 
when  the  piston  is  forced  down  until  it  is  i  inch  above 
the  base  :  and  how  far  should  the  piston  be  pushed  in 
order  to  increase  the  pressure  to  1 00  pounds  per  square 
inch  ? 

128.  Compare  the  weights  of  equal  volumes  of  air  at 
pressures  of  62-5  centimetres  and  81 -6  centimetres 
respectively. 

129.  A  htre  of  air  weighs  1-293  gramme  at  the  nor- 
mal pressure  :  find  the  weight  of  the  air  contained  in  a 
litre  flask  when  the  barometer  stands  at  82  centimetres. 

130.  Two  closed  vessels,  A  and  B,  are  connected  by 
a  stop-cock  :  A  is  vacuous,  while  B  contains  air  at  a 
pressure  of  six  atmospheres.  If  A  is  twice  as  large  as 
B,  find  the  common  pressure  in  both  the  vessels  after 
the  stop-cock  is  opened. 
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131.  In  the  preceding  question,  if  A  originally  con- 
tained air  at  a  pressure  of  120  centimetres  of  mercury,  j 
and  B  hydrogen  gas  at  a  pressure  of  50  centimetres, 
what  would  be  the  pressure  after  opening  the  stop-cock  ? 

132.  The  mouth  of  a  vertical  cylinder,  1 8  inches  high, 
is  closed  by  a  piston  whose  weight  is  6  pounds  and  area   1/ 
6  square  inches.      If  the  piston  is  allowed  to  fall,  how  far 
will  it  descend,  supposing  the  atmospheric  pressure  to 
be  14  pounds  per  square  inch  when  the  piston  is  inserted  ? 

133.  The  same  quantities  of  air  are  contained  in  two 
hollow  spheres   whose  radii  are  r  and  /  respectively  :  v 
compare  the  whole  pressures  on  the  spherical  surfaces. 

134.  A  tube,  6  feet  in  length,  closed  at  one  end,  is 
half  filled  with  mercury,  and  is  then  inverted  with  its 
open  end  just  dipping  into  a  mercury  trough.  If  the 
barometer  stands  at  30  inches,  what  will  be  the  height 
of  the  mercury  inside  the  tube  ? 

The  air  in  the  tube  expands  and  depresses  the  mercury  until 
the  pressure  of  the  column  of  mercury  and  the  pressure  of 
the  contained  air  (diminished  by  expansion)  are  together 
equal  to  the  atmospheric  pressure  (30  inches).  Suppose  the 
mercury  to  fall  until  it  stands  x  inches  higher  inside  the 
tube  than  in  the  trough  ;  then  the  pressure  on  the  air  inside 
is  (30  -  x)  inches.  The  volume  of  the  air  is  proportional  to 
the  length  of  the  tube  which  it  occupies  ;  this  was  3  feet  = 
36  inches  when  the  pressure  was  30  inches,  but  under  the 
diminished  pressure  of  (30  -  x)  inches  the  length  occupied  is 
(72  -  x)  inches.     Hence,  by  Boyle's  law, 

30X36  =  (30-.r)(72-j:). 

The  roots  of  this  quadratic  equation  are  90  and  12  ;  and  on 
inspection  we  find  that  the  latter  root  alone  satisfies  the 
conditions  of  the  problem  :  the  root  90  is  the  solution  of  a 
different  problem,  the  algebraical  statement  of  which  would 

I        lead  to  the  same  equation. 
135.  A  glass  tube,   i   metre  in  length,  and  open  at 
both  ends,  is  plunged  into  a  deep  cistern  of  mercury 
until  a  length  of  90  centimetres  is  submerged.     The  top 
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a  length  of  90  centimetres  stands  out  of  the  mercury.  If 
the  barometric  height  at  the  time  is  75  centimetres,  at 
what  height  will  the  mercury  stand  inside  the  tube  ? 

136.  To  what  height  should  the  tube  in  the  preceding 
example  have  been  raised  in  order  that  the  air  might 
occupy  a  length  of  exactly  30  centimetres  ? 

137.  The  tube  of  a  barometer  has  a  cross-section  of 
1  square  centimetre,  and  when  the  mercurial  column 
stands  at  TJ  centimetres  the  length  of  the  vacuous 
space  above  it  is  8  centimetres  :  how  far  will  the 
mercurial  column  be  depressed  if  i  cubic  centimetre  of 
air  is  passed  up  into  the  tube  ? 

Suppose  the  mercury  to  be  depressed  through  x  centimetres  ; 
then  X  measures  the  pressure  to  which  the  enclosed  air  is 
exposed.  Since  the  section  of  the  tube  is  i  square  centi- 
metre, the  volume  of  the  air  under  the  pressure  x  centimetres 
is  (8  +  x')  cubic  centimetres.     Applying  Boyle's  law, 

77x1=^(8  +  ^), 
or  x2  +  8jr-77  =  o, 

the  positive  solution  of  which  is  x—<^'^^.  Thus  the  mer- 
cury is  depressed  through  5.65  centimetres,  and  the  baro- 
metric height,  as  indicated  by  this  faulty  barometer,  is  now 
77  -  5-65  =  71-35  centimetres. 

138.  What  is  the  true  barometric  height  when  the 
faulty  barometer  in  the  preceding  example  indicates  65 
centimetres  ? 

139.  When  a  barometer  stands  at  75  centimetres, 
the  volume  of  the  empty  space  above  the  mercury  is  8 
cubic  centimetres,  and  its  length  is  13  centiinetres  : 
how  far  would  the  column  fall  if  you  introduced  5  cubic 
centimetres  of  air  into  the  tube  ? 

140.  A  quantity  of  air  is  collected  in  a  barometer 
tube,  the  mercury  standing  10  inches  higher  inside  the 
tube  than  outside,  and  the  correct  barometric  height 
being  30  inches.  If  the  volume  of  the  air  under  these 
conditions  is  i  cubic  inch,  what  would  be  its  volume  at 
the  atmospheric  pressure  ? 
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141.  A  barometer  which  has  not  been  completely 
freed  from  air  reads  76  centimetres  when  the  correct 
barometric  height  is  77  centimetres,  the  free  internal 
height  of  the  top  of  the  barometer  tube  above  the 
surface  of  the  mercury  in  the  cistern  being  85  centi- 
metres :  show  that  when  this  defective  barometer  reads 
75  centimetres  a  true  barometer  would  stand  at  7S'-g 
centimetres. 

142.  The  tube  of  a  barometer  has  a  cross-section  of 
I  square  centimetre,  and  when  the  mercury  stands  at 
75  centimetres  the  volume  of  the  vacuum  above  it  is 
1 2  cubic  centimetres  :  what  would  be  the  volume  at  the 
same  pressure  (75  centimetres)  of  the  air  which,  when 
introduced  into  this  barometer,  would  depress  the  mer- 
cury (i)  to  30  centimetres,  and  (2)  to  o  centimetre  ? 

143.  A  cylindrical  diving-bell,  7  feet  in  height,  is 
lowered  until  the  top  of  the  bell  is  20  feet  below  the 
surface  of  the  water.  If  the  height  of  the  mercury 
barometer  at  the  time  is  30  inches,  how  high  will  the 
water  rise  inside  the  bell  ? 

Let  X  be  the  height  of  the  space  occupied  by  the  air  inside 
the  bell ;  the  height  of  the  column  of  water  exerting  pressure 
upon  this  is  (20 +  x)  feet.  The  pressure  of  the  atmos- 
phere is  equal  to  that  of  a  column  of  mercury  30  inches 
high,  or  of  a  column  of  water  whose  height  is 

30  X  13-6  =  408  in.  =  34  ft. 

(This  may  be  expressed  by  saying  that  the  height  of  the  water 

barometer  is  34  feet. ) 
The  total  pressure  is  equal  to  that  of  a  column  of  water  whose 

height  is  24  +  20+x={$4  +  x)  feet.     Since  the  section  of 

the  bell  is  uniform,  the  original  and  final  volumes  are  as 

7  to  ;t: ;  and  hence,  applying  Boyle's  law, 

34X7  =  (54  +  ^K 

or  x^-i-S^-2^S  =  o. 

The  positive  value  of  ^  is  4.1;  thus  the  water  rises  2-9  feet 
within  the  bell. 

No/e. — In  Examples  144-150  the  height  of  the  mercury  baro- 
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meter   may  be  taken  as  30  inches  and  that   of  the  water 
barometer  as  34  feet. 

144.  A  cylindrical  diving-bell,  9  feet  high,  is  im- 
mersed in  water  so  that  its  top  is  27  feet  below  the  sur- 
face :  find  how  high  the  water  rises  within  it. 

145.  A  cylindrical  diving-bell,  8  feet  in  height,  is 
lowered  to  the  bed  of  a  river  48  feet  deep :  to  what 
height  will  the  water  rise  within  the  bell  ? 

146.  To  what  depth  must  a  diving-bell  6  feet  high  be 
immersed  so  that  the  water  may  rise  4  feet  within  it  ? 

147.  If  the  cross-section  of  the  diving-bell  in  Example 
143  was  14  square  feet,  how  much  air  at  the  atmospheric 
pressure  would  have  to  be  introduced  in  order  to  keep 
the  water  from  entering  ? 

The  bell  originally  contained  7x14=98  cubic  feet  of  air, 
under  a  pressure  =  34  feet  of  water.  When  the  bell  is  filled 
with  air  and  its  top  is  20  feet  below  the  surface,  the  total 
pressure  on  the  air  is  34  -1-  20  +  7  =  61  feet  of  water.  Hence, 
by  Boyle's  law,  if  v  cubic  feet  of  air  at  atmospheric  pressure 
have  to  be  introduced, 

34  (98  +  z')  =  6i  X98, 
and 

.-.  z/=: 98  X  27/34  =  77.82  cub.  ft. 

148.  Find  how  much  air  would  have  to  be  pumped  in 
so  as  to  keep  the  water  from  entering  if,  in  the  preceding 
example,  the  bell  had  been  lowered  until  the  top  was 
50  feet  below  the  surface  of  the  water.  What  would  be 
the  height  of  a  mercury  barometer  within  the  bell  when 
the  latter  was  filled  with  air  ? 

149.  An  inverted  test-tube,  6  inches  long,  and  of 
uniform  cross -section,  is  just  immersed  in  mercury  of 
specific  gravity  13-6  :  how  high  does  the  liquid  rise  inside 
the  test-tube? 

150.  A  cylindrical  gas-jar,  i  foot  in  length,  is  plunged 
mouth  downwards  in  sea- water  of  density  1-026:  to 
what  depth  must  it  be  sunk  in  order  that  the  water  may 
rise  half  way  up  the  jar  ? 
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151.  The  volume  of  the  receiver  of  an  air-pump  is  R, 
and  that  of  the  barrel  is  B  :  prove  that  if  the  density  of 
the  air  in  the  receiver  before  exhaustion  is  D,  the  density 
after  n  complete  strokes  is, 

D,=  {R/(R  +  B}}«D. 

152.  The  receiver  of  an  air-pump  has  three  times  the 
volume  of  the  barrel :  find  the  density  after  ten  complete 
strokes.     (Use  logarithms  :  see  §  12.) 

153.  After  three  complete  strokes  the  density  of  the 
air  in  the  receiver  of  an  air-pump  was  to  its  original 
density  as  125:216:  show  that  the  volume  of  the 
receiver  was  five  times  that  of  the  barrel. 

154.  The  receiver  of  an  air-pump  has  a  volume  of 
1350  cubic  centimetres,  and  it  contains  air  of  density 
0'00I293  at  the  normal  pressure.  The  pump  is  now 
worked  until  the  density  of  the  air  is  reduced  by  2  5  per 
cent :  find  the  mass  of  air  that  has  been  removed. 

155.  Two  bodies,  whose  volumes  are  600  cubic  centi- 
metres and  30  cubic  centimetres  respectively,  are  sus- 
pended from  the  arms  of  a  balance,  and  exactly  balance 
each  other  in  vacuo :  find  what  weight  must  be  attached  to 
the  large  body  in  order  that  they  may  balance  each  other 
in  air.     (i  cubic  centimetre  of  air  =  0-0013  gramme.) 

156.  If  w  denote  the  weight  of  a  body  in  vacuo,  and 
w'  its  weight  in  water,  prove  that  its  weight  in  air  of 
density  5  will  be 

157.  The  weights  in  vacuo  of  two  portions  of  the 
same  substance  are  w  and  w' .  The  first  portion  is 
placed  in  the  upper  cup  of  a  Nicholson's  hydrometer  in 
presence  of  air  of  density  8,  and  the  hydrometer  is 
immersed  to  the  same  depth  as  when  the  second  portion 
is  placed  in  the  lower  cup  :  show  that  the  density  of  the 
substance  is 

(7^/  -  wb)j{7i/  -  lo). 

158.  The  volume  of  a  balloon  filled  with  coal-gas  is 
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1,000,000  litres,  and  its  mass  (including  the  car)  is  500 
kilogrammes.  If  the  density  of  the  air  is  1-28,  and  that 
of  the  coal-gas  0.52,  both  being  in  grammes  per  litre, 
find  what  additional  weight  the  balloon  can  sustain  in 
the  air. 

EXAMINATION    QUESTIONS. 

159.  Define  the  measure  of  the  elasticity  of  a  fluid, 
and  prove  that  if  the  elasticity  is  equal  to  the  pressure, 
the  pressure  is  inversely  proportional  to  the  volume. 

M.  Tripos,  1875. 

160.  If  a  centimetre  cube  of  water  be  called  a 
gramme,  prove  that  the  number  of  grammes  in  the 
earth  is  6-15x1027,  the  diameter  of  the  earth  being 
taken  to  be  1.275  x  lo^  centimetres,  and  the  mean 
density  to  be  5-67.  Camb.  Schoi.  1885. 

161.  A  substance  of  specific  gravity  s  when  mixed 
with  i/n  of  its  volume  of  A  gives  a  mixture  of  specific 
gravity  j^,  and  when  mixed  with  i/m  of  its  weight  of  B 
gives  a  mixture  of  specific  gravity  s^ :  if  it  be  mixed  with 
\\n  of  its  volume  of  A  and  i/;«  of  its  weight  of  B,  what 
will  be  the  specific  gravity  of  the  mixture  t 

Vict.  B.  Sc.  1884. 

162.  Equal  volumes  of  three  fluids  are  mixed,  and  the 
mixture  separated  into  three  parts :  to  each  of  these 
parts  is  then  added  its  own  volume  of  one  of  the  original 
fluids,  and  the  densities  of  the  mixtures  so  formed  are  in 
the  ratios  of  3:4:5:  prove  that  the  densities  of  the 

fluids  are  as   1:2:  3.  Owens  Coll.  1885. 

163.  A  quantity  of  heavy  liquid  is  at  rest  under  the 
action  of  gravity,  its  surface  extending  over  a  consider- 
able area.  State  what  you  know  respecting  (i)  the 
form  of  the  free  surface  ;  (2)  the  relation  between  the 
pressures  in  different  directions  at  any  point ;  (3)  the 
magnitude  of  the  pressure  at  different  depths  below  the 
surface. 

How  might  the  value  of  "^"  in  different  latitudes  be 
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determined  by  means  of  a  delicate  pressure-gauge  im- 
mersed to  a  constant  depth,  say  20  feet,  beneath  the 
surface  of  still  water  ?  Matric.  1882. 

164.  Find  the  pressure  in  grammes  weight  per  square 
centimetre  at  the  bottom  of  a  vessel  one  and  three- 
quarter  metres  deep,  full  of  mercury.     (Specific  gravity 

of  mercury   13*5 96.)  Glasgow  M. A.  1882. 

166.  A  cubical  vessel  with  vertical  sides,  each  1 00  centi- 
metres in  area,  is  filled  half  with  mercury  and  half  with 
water :  find  the  pressure  in  dynes  on  one  of  its  sides, 
and  the  position  of  the  point  through  which  the  resultant 
fluid  pressure  on  this  side  acts.  (^=981  centimetres, 
specific  gravity  of  Hg  =  I3'6.)  BalHol  Coll.  i88i 

166.  Distinguish  between  the  whole  pressure  and  the 
resultant  pressure  of  a  heavy  fluid  on  a  solid  immersed 
in  it.  Find  each,  in  pounds  weight,  for  a  cube  of  i 
foot  edge  with  its  centre  10  feet  below  the  surface  of 
still  water,  assuming  a  cubic  foot  of  water  to  contain 

1000  ounces.  Prel.  Sc.  1886. 

167.  A  hole,  6  inches  square,  is  made  in  a  ship's 
bottom  20  feet  below  the  water-line.  What  force  must 
be  exerted  in  order  to  keep  the  water  out  by  holding  a 
piece  of  wood  against  the  hole,  if  a  cubic  foot  of  sea- 
water  contains  64  pounds  ?  Matric.  1886. 

168.  A  cubical  box  filled  with  water  is  closed  by  a 
lid  without  weight  which  can  turn  freely  about  one  edge 
of  the  cube ;  a  string  is  tied  symmetrically  round  the 
box  in  a  plane  which  bisects  the  edge :  show  that  if  the 
lid  be  in  a  vertical  plane  with  this  edge  uppermost,  the 
tension  of  the  string  is  one  -  third  the  weight  of  the 

water.  Camb.  Schol.  1886. 

169.  Two  indefinitely  long  cylinders  equal  in  all 
respects  are  placed  on  a  horizontal  plane,  their  bases 
being  connected  by  a  horizontal  pipe  of  small  section. 
The  cylinders  are  filled  to  depths  of  2  feet  and  i  foot  by 
fluids  of  densities  3/)  and  6/0  respectively.  Show  that  if 
a  volume  of  fluid  of  density  4/0,  which  would  occupy  a 
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length  of  either  cylinder  greater  than  3  feet,  be  poured 
into  the  second  cylinder,  the  free  surfaces  of  the  fluids 
in  the  cylinders  will  lie  on  the  same  horizontal  plane. 

Camb.  Schol.  1883. 

170.  Show  how  the  pressure  of  the  atmosphere  may 
be  expressed  in  absolute  units.  Two  vertical  cylinders 
are  filled  with  water  to  the  same  level ;  they  are  con- 
nected at  the  bottom  by  a  horizontal  cylindrical  tube  i 
centimetre  in  diameter  and  1-5  metre  below  the  level 
of  the  water ;  the  tube  is  closed  by  a  trap-door :  find 
the  force  upon  the  trap-door  in  dynes  if  the  temperature 
of  the  water  on  the  one  side  be  I5°C.  and  on  the  other 
be  i6°C. 

Density  of  water  at  1 5°C.  =  -999 173  gm.  per  c.c. 
„  „      i6°C.  =  .999oi5        „      „ 

Camb.  Schol.  1886. 

171.  A  piece  of  lead  weighing  17  grammes,  and  a 
piece  of  sulphur,  have  equal  apparent  weights  when  sus- 
pended from  the  pans  of  a  balance  and  immersed  in 
water.  When  the  water  is  replaced  by  alcohol  of  density 
0-9,  I  "4  gramme  must  be  added  to  the  pan  from  which 
the  lead  is  suspended  to  restore  equilibrium.  Determine 
the  weight  of  the  sulphur,  the  density  of  the  lead  being 

I  I?332.  Int.  Sc.  1886. 

This  problem  can  be  solved  without  knowing  the  density  of 
the  lead.  For  if  V  and  V  denote  the  volumes  of  the 
lead  and  sulphur,  D  and  D'  their  respective  densities  ;  then 
the  equations  of  equilibrium  reduce  to 

V(D-i)  =  V'(D'-i)  ...     (I) 

and 

1 .4  -1-  V(D  -  0-9)  =  V'(D'  -  0-9). 

Multiplying  equation  (i)  by  0*9,  we  have 

0.9VD  -  0-9V  =  o-9V'D'  -  0-9V', 
.-.  i-4-l-o.iVD  =  o.iV'D'. 
Now 

VD  =  weight  of  lead  =  1 7  gm. 

.'.  weight  of  sulphur  =  V'D'  =  31  gm. 
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172.  A  cube  of  glass  of  which  the  length  of  the  edge 
is  3  centimetres  is  suspended  in  paraffin  oil  by  a  thread  : 
find  the  apparent  weight.     (Specific  gravity  of  glass 

2.5,  of  paraffin  oil  0-84.)  Glasgow  M.A.  1884. 

173.  A  piece  of  silver  and  a  piece  of  gold  are  sus- 
pended from  the  two  ends  of  an  equal  armed  balance 
beam,  which  is  in  equilibrium  when  the  silver  is  im- 
mersed in  alcohol  (density  =  0-85),  and  the  gold  in  nitric 
acid  (density  =  1-5).  The  densities  of  the  silver  and 
gold  being  10.5  and  19-3  respectively,  what  are  their 
relative  masses  ?  Matric.  1885. 

174.  What  is  meant  by  the  loss  of  weight  of  a  body 
in  a  liquid  ? 

A  piece  of  lead  and  a  piece  of  sulphur  are  suspended 
by  fine  strings  from  the  extremities  of  a  balance  beam 
and  just  balance  each  other  in  water.  Compare  their 
volumes,  their  densities  being  respectively  11-4  and  2 
grammes  per  cubic  centimetre.  Which  of  them  will 
appear  to  be  the  lighter  in  air,  and  what  weight  must  be 
added  to  it  to  restore  equilibrium?  int.  Sc.  1883. 

175.  Investigate  the  resultant  pressure  of  a  fluid  on 
a  body  partially  immersed  in  it. 

Two  solids  whose  weights  are  4  pounds  and  6^ 
pounds,  the  volume  of  the  former  being  double  that  of 
the  latter,  are  connected  by  a  weightless  string  passing 
over  a  smooth  pulley,  and  rest  in  equilibrium  totally 
immersed  in  fluids  of  specific  gravity  i'3  and  3-24 
respectively  :   find  the  volumes  of  the  solids. 

Cam.  Gen.  Exam.  1884. 

176.  A  piece  of  wood  floats  partly  immersed  in  water, 
and  oil  is  poured  on  the  water  until  the  wood  is  com- 
pletely covered.  Explain  clearly  whether  this  will  make 
any  change  (and  if  so,  whether  there  will  be  an  increase 
or  a  decrease)   in  the  portion  of  the  wood  below  the 

water.  Matric.  1885. 

177.  What  is  meant  by  the  specific  gravity  of  a 
substance  ? 

G 
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A  body  floats  with  one-tenth  of  its  volume  above  the 
surface  of  pure  water :  what  fraction  of  its  vokime 
would  project  above  the  surface  if  it  were  floating  in 
liquid  of  specific  gravity  1-25  ?  Matric.  1883. 

178.  When  a  solid  body  floats  in  a  certain  liquid  it 
is  just  half  immersed.  When  it  floats  in  a  mixture  of 
equal  quantities  of  that  liquid  and  water  two-thirds  of  it 
are  immersed  :  find  the  specific  gravities  of  the  solid 
and  liquid.  Edinb.  M.A.  1885. 

179.  A  piece  of  iron,  weighing  275  grammes,  floats 
in  mercury  of  density  13-59  with  five-ninths  of  its  volume 
immersed  :  determine  the  volume  and  density  of  the  iron. 

Matric.  1885. 

180.  Distinguish  between  the  absolute  and  the  ap- 
parent weight  of  a  body.  The  apparent  weight  of  a 
piece  of  platinum  in  water  is  60  grammes,  and  the 
absolute  weight  of  another  piece  of  platinum  twice  as 
big  as  the  former  is  126  grammes:  determine  the 
specific  gravity  of  platinum.  Matric.  1886. 

181.  A  specific  gravity  bottle  full  of  water  weighs  44 
grammes,  and  when  some  pieces  of  iron,  weighing  10 
grammes  in  air,  are  introduced  into  the  bottle  and  the 
bottle  again  filled  up  with  water,  the  combined  weight  is 
52-7  grammes  :  what  is  the  specific  gravity  of  the  iron  ? 

Matric.  1887. 

182.  Find  the  specific  gravity  of  a  specimen  of  wood 
from  the  following  data  : — 

Weight  in  air  of  specimen     .  .  -2  81  gm. 

„         air  of  brass  sinker  attached  to 

specimen  .  .  .      25       „ 

„         water  of  specimen  and  sinker        1.9  „ 
Specific  gravity  of  brass        .  .  .        7-9  ,, 

Glasgow  M.A.  1882. 

183.  A  cylindrical  piece  of  cork,  of  height  ^,  is  float- 
ing with  its  axis  vertical  in  a  basin  of  water.  If  the 
basin  be  placed  under  the  receiver  of  an  air-pump,  and 
the   air  be   pumped  out,  prove  that  the  cork  will  sink 


II]  EXAMINATION  QUESTIONS  83 

through  the  space  ka-  (i  -  s)/(i  -  ct\  where  cr  is  the  ratio 
of  the  densities  of  air  and  water,  and  s  the  ratio  of  the 
densities  of  cork  and  water.  Ind.  c.  S.  1885. 

184.  Give  a  clear  explanation  of  the  statement  that 
the  mercury  in  a  barometer  tube  is  sustained  by  atmos- 
pheric pressure.  What  data  would  you  require  in 
order  to  calculate  the  height  of  a  glycerine  barometer 
when  the  pressure  of  the  atmosphere  is  i  5  pounds  per 
square  inch  .?  Matric.  1885. 

185.  Glycerine  rises  in  a  barometer  tube  to  a  height 
of  26  feet  when  mercury  stands  at  30  inches.  The 
specific  gravity  of  mercury  is  13-6:  find  that  of  gly- 
cerine. Matric.  1886. 

186.  A  cylindrical  tube  a  metre  in  length  and  having- 
one  end  sealed  contains  dry  air  at  the  ordinary  pressure 
and  temperature.  The  tube  is  dipped  vertically  with  its 
open  end  downwards  into  a  tank  of  mercury,  till  the  air 
within  it  is  compressed  to  four-fifths  of  its  former  volume  : 
find  the  distance  of  the  top  of  the  tube  from  the  free 
surface  of  the  mercury  in  the  tank,  the  height  of  the 
barometer  being  7  50  millimetres.  Matric.  1879. 

187.  State  the  laws  of  compression  for  air  and  water 
respectively.  Assuming  them  to  hold  for  great  ranges 
of  pressure,  show  that  a  bubble  of  air  will  sink  in  water 
if  the  pressure  be  sufficiently  increased ;  and  calculate 
roughly  at  what  pressure  this  will  take  place.  (At  a 
pressure  of  one  atmosphere  the  density  of  air  is  1/773 
of  the  density  of  water.)  Edinb.  M.A.  1884. 

188.  If  the  height  of  the  barometer  at  the  sea-level  be 
760  millimetres,  the  specific  gravity  of  mercury  13-6, 
and  the  specific  gravity  of  sea-water  i  -02,  at  what  depth 
below  the  surface  is  the  pressure  per  square  centimetre 
equivalent  to  the  weight  of  10  kilogrammes  ? 

Camb.  Schol.  1883. 

189.  A  barometer  stands  at  30  inches,  and  the  space 
occupied  by  the  Toricellian  vacuum  is  then  2  inches  ;  if 
now  a  bubble  of  air  which  would  at  atmospheric  pressure 
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occupy  half  an  inch  of  the  tube  be  introduced  into  the 
tube,  prove  that  the  surface  of  the  mercury  in  the  tube 
will  be  lowered  3  inches.  Show  also  that  the  height  of 
a  correct  barometer  when  this  false  one  stands  at  x 
inches  is  ;r  +  i  5/(32  -  x).  Camb.  Schol.  1885. 

190.  A  cylindrical  diving-bell  of  length  k/4  is  sunk 
in  water  till  its  lowest  part  is  n/t  below  the  surface  ;  if 
the  water  fill  i  of  the  bell,  show  that  the  bell  contains 
air  whose  volume  at  atmospheric  pressure  would  be 
i(/?  +  |§)V,  V  being  the  volume  of  the  bell  and  A  the 
height  of  the  water  barometer.  Camb.  B.A.  1880. 

191.  The  height  of  the  water  barometer  is  23-k  ^^^^  > 
a  bubble  of  gas  has  a  volume  of  i  cubic  inch  at  a  depth 
of  100  feet  below  the  surface  of  pure  water  :  what  will 
be  its  volume  on  reaching  the  surface  ?  Matric,  1884, 

192.  A  cubic  foot  of  water  weighs  1000  ounces.  A 
cylindrical  test-tube  is  held  in  a  vertical  position  and 
immersed  mouth  downwards  in  water.  When  the 
middle  of  the  tube  is  at  a  depth  of  32-75  feet  it  is  found 
that  the  water  has  risen  half-way  up  the  tube  :  find  the 
atmospheric  pressure  in  pounds  weight  per  square  inch. 

Matric.  1882. 

193.  Having  given  that  the  density  of  the  air  is 
•00129,  the  density  of  mercury  13-596,  and  the  height 
of  the  barometer  75-9  centimetres,  prove  that  if  the  unit 
of  force  be  taken  to  be  the  weight  of  800  kilogrammes, 
the  numerical  value  of  the  pressure  of  the  air  will  be 
almost  exactly  equal  to  that  of  its  density,  it  being 
assumed  that  a  centimetre  cube  of  water  weighs  i 
gramme.  M.  Tripos.  1880. 

194.  The  height  of  the  water  barometer  being  33 
feet  9  inches,  and  the  specific  gravity  of  mercury  13-5, 
find  at  what  height  a  common  barometer  will  stand  in  a 
cylindrical  diving-bell  when  lowered  until  the  water  fills 
one-tenth  of  the  bell.  How  far  will  the  surface  of  the 
water  within  the  bell  be  below  the  external  surface  ? 

Camb.  Schol.  1886. 
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196.  Suppose  that  a  cubic  foot  of  air  weighs  1-2 
ounce,  and  a  cubic  foot  of  water  1000  ounces.  A 
balloon  so  thin  that  the  volume  of  its  substance  may  be 
neglected  contains  1-5  cubic  feet  of  coal-gas,  and  the 
envelope,  together  with  the  car  and  appendages,  weighs 
I  ounce.  The  balloon  just  floats  in  the  middle  of  the 
room,  without  ascending  or  descending  :  find  the  specific 
gravity  of  coal  gas  (i)  compared  with  air,  (2)  compared 
with  water.  Matric.  1882. 

196.  A  cylindrical  diving-bell  weighs  2  tons,  and  has 
an  internal  capacity  of  200  cubic  feet,  while  the  volume 
of  the  material  composing  it  is  20  cubic  feet.  The  bell 
is  made  to  sink  by  weights  attached  to  it.  At  what 
depth  may  the  weights  be  removed,  and  the  bell  just  not 
ascend,  it  being  given  that  the  mass  of  a  cubic  foot  of 
water  is  1000  ounces,  and  the  height  of  the  water 
barometer  33  feet.-*  Matric.  1883. 

197.  What  are  the  conditions  of  equilibrium  of  a 
floating  body  ? 

A  Cartesian  diver  consists  of  a  hollow  ball  with  a 
weight  attached  to  it.  There  is  an  opening  at  the 
bottom  of  the  ball,  and  it  contains  a  quantity  of  air.  If 
the  diver  be  made  of  glass  (specific  gravity  =  3-33),  and 
weigh  7-05  grammes,  find  the  volume  of  air  in  it  in 
order  that  it  may  just  float  in  water  at  its  maximum 
density,  and  show  that  if  it  contain  5-2  cubic  centimetres 
of  air  and  be  sunk  to  a  depth  of  500  millimetres  in  the 
water  it  will  not  rise  again,  the  pressure  of  the  air  above 
the  water  being  that  due  to  i  o  metres  of  water.  (The 
weight  of  the  air  in  the  diver  may  be  neglected.) 

Camb.  Schol.  1881. 

198.  Atmospheric  air  having  a  volume  of  50  litres  at 
ordinary  pressure  (1000  grammes  weight  per  square 
centimetre)  is  admitted  into  a  vessel  having  a  volume  of 
I  cubic  metre,  and  containing  only  aqueous  vapour  at  a 
pressure  of  4  grammes  weight  per  square  centimetre. 
What  is  the  pressure  of  the  mixture  in  grammes  weight 
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per  square  centimetre,  and  in  centimetres  of  mercury  ? 
(Density  of  mercury  =  13-59  grammes  per  cubic  centi- 
metre.    The  temperature  is  supposed  to  remain  constant 

throughout.)  Prel.  Sc.  1887. 

199.  Explain  the  action  of  a  syphon.  A  syphon  tube 
with  vertical  arms  filled  with  mercury  (p)  and  closed  at 
both  ends  is  inserted  into  a  basin  of  water  (a-).  When 
the  stoppers  are  removed  examine  what  will  ensue,  and 
prove  the  following  results  if  the  barometer  is  sufficiently 
high : 

(i.)  If  >^,  the  whole  length  of  the  outside  arm,  exceeds 
/i,  the  whole  length  of  the  immersed  arm,  the  mercury 
will  flow  outwards  and  the  water  will  follow  it. 

(ii.)  U  k  >  k,  the  ends  of  the  immersed  tube  must  be 
at  a  depth  below  the  free  surface  of  the  water  exceeding 
(A  —  k)  pja-  in  order  that  the  mercury  may  not  flow  back 
into  the  basin.  M.  Tripos.  1885. 


CHAPTER    III 
HEAT— EXPANSION 

1.  Expansion  of  Solids 

Definition. — The  coefficient  of  linear  expansion  of  ,a  sub- 
stance is  the  increase  in  length  produced  in  unit  length  of  the 
substance  by  a  rise  in  temperature  of  i  degree  centigrade. 

Approximate  Coefficients  of  Linear  Expansion. 


Glass  . 


Platinum 
Iron     . 
Copper 
Brass  . 
Zinc     . 


o-ooooo86 


.     o-ooooo86 

.       0-0000I2 

.  0-0000I7 
.  0-000019 
.     0-000029 

These  values  may  be  assumed  in  solving  the  examples  in  this 
chapter.  All  temperatures  are  expressed  on  the  centigrade 
scale. 

Let  a  denote  the  coefficient  of  expansion  of  a  body  whose 
length  at  0°  is  /q  :  on  heating  to  f  the  expansion  produced  will 
be  l^at.  The  length  /^  of  the  body  at  /°  will  be  given  by  the 
equation — 

/,  =  /o  +  /oa/  =  /„{l+aO       .  .  .      (I) 

1.  Find  the  length  at  200°  of  a  zinc  rod  whose  length 
at  0°  is  128  cm. 

If  the  length  at  200°  be  denoted  by  /goQ,  then 

^200  =  ^(1+2000) 

=  1 28(  I  +  200  X  0-000029) 
=  i28x  1-0058 
=  128-7424  cm. 
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2.  A  piece  of  brass  wire  is  exactly  3  metres  long  at 
250°  :  what  will  be  its  length  at  0°  ? 

Using  the  same  system  of  notation,  we  have,  by  equation  (l), 

=  300/(1  +  250  X  0-000019) 
=  300/1 -00475  =  298-582  cm. 


If  the  length  /^  of  a  metal  bar  at  t°  is  given,  and  its  length  l^ 
at  another  temperature  t  is  required,  we  may  find  its  length  at 
0°  as  in  the  preceding  example,  and  then  proceed  as  in  Ex.  i. 
But  a  result  which  is  very  nearly  correct  may  be  obtained  more 
directly  by  means  of  the  equation 

/,.  =  /,(! +a./Tr)  .  .  .      (2) 

This  formula  may  be  proved  as  follows.  By  equation  (i)  we 
have 

/,  =  /o(i+a/), 

and  /e'  =  /o(i+a/'), 

.•./,'  =  /,(! +a/)/(l+a/). 

Now  the  coefficients  of  expansion  of  metals  are  expressed  by 
numbers  which  are  very  small  compared  with  unity ;  and  unless 
t  and  /'  are  very  high  temperatures,  at  and  a/'  will  also  be  small 
compared  with  unity.  It  therefore  follows  that  ( l  +  a/)/(  i  +  a/) 
=  I  +  a/'  -  a/  (see  §  1 1),  and 

k  =  ^(l  +  ct-^'  -  ^)>  approximately. 


3.  A  steel  metre-scale  was  carefully  measured  at  10° 
and  its  length  was  found  to  be  99.981  cm.  At  40°  its 
length  was  found  to  be  100-015  cm.:  calculate  the 
coefficient  of  expansion  of  the  steel,  and  find  the  tem- 
perature at  which  the  scale  is  exactly  i  metre  long. 

By  equation  (2)  we  have 

«  =  (/,'-/,)//,(/-/) 
=  (100-015 -99-98i)/99-98i  x  30 
=  0-034/2999-43  =  o-ooooi  13. 
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If  x°  be  the  temperature  at  which  the  scale  is  correct, 
100  =  99-981  {i  +o-ooooii3(jt:-  10)}, 
.'.  X  -  io  =  o-oi9/o-ooooii3  X  99-981, 
and  ^=10+ 16-82  =  26°-82. 

4.  A  copper  rod,  the  length  of  which  at  0°  is  2  metres, 
is  heated  to  200° :  what  will  its  length  now  be  ?  At 
what  temperature  will  its  length  be  200-51  centimetres? 

S.'^The  length  of  a  glass  tube  at  100°  is  154  cm.  : 
what  would  its  length  at  0°  be  ? 

6y  An  iron  yard-measure  is  correct  at  the  temperature 
of  melting  ice  :  express,  as  a  fraction  of  an  inch,  its 
error  at  the  temperature  of  boiling  water. 

7.  What  is  the  length  of  a  brass  wire  which  on  heat- 
ing through  200°  increases  in  length  by  i  centimetre  ? 

8.  The  distance  between  two  points  appears  to  be 
87-2  cm.,  when  measured  at  28°  on  a  brass  scale  which 
is  right  at  0°  :  what  is  the  real  distance  ? 

9.'  What  must  be  the  length  at  50°  of  a  brass  standard 
yard-measure,  in  order  that  it  may  be  exactly  correct  at 
the  freezing-point  ? 

10.  "iThe  length  of  the  iron  railway  bridge  across  the 
Menai  Straits  is  about  461  metres :  find  the  total  expan- 
sion of  this  iron  tube  between  -  5°  and  35°. 

11.^^  A  rod  which  is  exactly  2  J  metres  long  at  10"  is 
heated  to  160°,  when  its  length  is  found  to  be  2-277 
metres  :  what  is  its  coefficient  of  expansion  ?  ■  At  what 
temperature  will  its  length  be  2-295  metres? 

12.^^  A  copper  wire  is  found  to  be  0-034  cm.  longer  at 
25°  than  it  is  at  5°.  Calculate  accurately  what  its  length 
at  0°  would  be. 

13.^  A  metal  scale  was  examined  at  32°  F.  and  76° 
F.,  and  was  found  to  have  expanded  0-014  mch  between 
these  temperatures :  find  what  change  would  be  produced 
in  its  length  by  an  elevation  of  temperature  of  50°  C. 

14.  Calculate  the  superficial  expansion  produced  by  a 
rise  of  40°  C.  in  a  plate  of  sheet-iron  5  ft.  long  and  3  ft. 
broad. 
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15.  A  steam-pipe,  intended  to  convey  steam  at  iio°, 
is  formed  of  iron  piping  in  lengths  of  i  5  ft.  ;  assuming 
that  the  temperature  of  the  pipe,  when  it  is  not  convey- 
ing steam,  is  12°,  find  how  much  play  must  be  allowed 
at  each  joint. 

16.  Two  long  slips  of  metal,  one  of  iron,  the  other  of 
brass,  are  firmly  riveted  together :  describe  what  will 
happen  when  they  are  heated,  and  explain  how  the 
unequal  expansion  of  metals  has  been  applied  : — 

(i)  In  the  determination  of  temperature. 

(2)  In  the  construction  of  delicate  chronometers. 

17.  A  sheet  of  brass  is  20  cm.  long  and  1 5  cm. 
broad  at  0° :  what  is  its  superficial  area  at  80°  ? 

18.  A  rod  of  iron  and  a  rod  of  brass  are  placed  side 
by  side,  and  firmly  riveted  together  at  one  end.  Their 
lengths  at  0°  are  1-5  and  2-5  metres  respectively,  so  that 
the  distance  between  their  free  ends  at  this  temperature 
is  exactly  i  metre.  The  compound  bar  is  immersed  in 
a  hot  oil-bath  at  a  temperature  of  220°:  what  is  now 
the  distance  between  the  free  ends  ? 

19.  Show  that  the  lengths  of  the  metal  bars  of  a 
compensation-pendulum  should  be  inversely  proportional 
to  the  coefficients  of  expansion  of  the  metals.  If  the 
length  of  the  iron  bars  be  87  centimetres,  what  should 
be  the  length  of  the  zinc  bars  ? 

20.  The  time  of  vibration  of  a  pendulum  is  propor- 
tional to  the  square  root  of  its  length,  and  a  certain 
clock  with  an  iron  pendulum  rod  is  made  so  as  to  keep 
correct  time  at  5°  :  how  will  its  rate  alter  if  the  tempera- 
ture rises  to  30°  ? 

21.  A  clock  which  keeps  correct  time  at  25°  has  a 
pendulum  rod  made  of  brass  :  how  many  seconds  a 
day  will  it  gain  if  the  temperature  falls  to  the  freezing- 
point  ? 

22.  A  spherical  iron  ball,  of  5-01  cm.  diameter  at  o", 
rests  upon  a  copper  ring,  the  internal  diameter  of  which 
is  exactly   5   cm.   at  the  same  temperature.      To  what 
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temperature  must  both  be  heated  in  order  that  the  ball 
may  just  pass  through  the  ring  ? 

Let  /  be  the  required  temperature.  The  diameter  of  the  iron 
ball  at  f  is  5-01(1  +0-000012/),  and  the  internal  diameter 
of  the  copper  ring  at  the  same  temperature  is  5(1  + 
0-000017/).  Assuming  that  the  ball  will  just  pass  through 
the  ring  when  their  diameters  are  equal,  we  have 

5-01(1  +o-ooooi2/)  =  5(i  +0-000017/), 
.'.  o-oi  +(5-01  xo-ooooi2/)  =  (5  X  0-000017/), 
and 

/=0-0l/(5  X  0-000017  -  5-OI  X  0-OOOOI2) 

=  0-OI/0-00002488, 
or  /  =  402°. 

23.  A  platinum  wire  and  a  strip  of  zinc  are  both 
measured  at  0°,  and  their  lengths  are  found  to  be  251 
and  250  cm.  respectively:  at  what  temperature  will 
their  lengths  be  equal,  and  what  will  be  their  common 
length  at  this  temperature  ? 

24.  Prove  that  the  coefficient  of  contraction  is,  for 
most  solids,  approximately  equal  to  the  coefficient  of 
expansion. 

A  glass  tube  which  is  99.994  cm.  long  at  5°,  and  a 
brass  rod  of  which  the  length  at  22°  is  100-019  cm.,  are 
found  to  be  of  exactly  the  same  length  at  an  inter- 
mediate temperature  :  what  is  this  temperature  ? 

25.  Prove  that  the  coefficient  of  cubical  expansion  of 
a  substance  is  approximately  three  times  its  coefficient  of 
linear  expansion. 

The  coefficient  of  linear  expansion  of  vulcanite  is 
o-oooo8  :  what  change  will  be  produced  in  the  volume 
of  a  slab  of  vulcanite  on  heating  it  to  90°,  if  the  slab  at 
0°  is  I  ft.  long,  10  in.  broad,  and  i  in.  thick.? 

26.  The  volume  of  a  leaden  bullet  at  0°  is  2-5  cubic 
centimetres,  and  its  volume  at  98°  is  found  to  be  2-521 
cubic  centimetres  :  prove  that  the  coefficient  of  cubical 
expansion  of  lead  is  0-0000857. 

27.  The  density  of  standard  silver  at  0°  is  10-31,  and 
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its  coefficient  of  cubical  expansion  is  0-000058  :  find  its 
density  at  150°. 

28.  The  coefficient  of  cubical  expansion  of  sulphur  is 
0-000223,  and  a  certain  piece  of  sulphur  is  found  to  dis- 
place 48  c.c.  of  water  at  0° :  what  volume  of  water  will 
it  displace  at  35°? 


2.  Expansion  of  Liquids. 

29.  Distinguish  between  the  real  and  apparent  ex- 
pansion of  a  hquid  contained  in  a  glass  vessel.  If  the 
apparent  coefficient  of  expansion  of  mercury  contained 
in  a  glass  vessel  is  1/6500,  while  its  coefficient  of  abso- 
lute expansion  is  1/5500,  what  is  the  coefficient  of 
cubical  expansion  of  the  glass  .'*  ^ 

1  The  absolute  dilatation  of  a  liquid  is  approximately  equal 
to  its  apparent  dilatation,  together  with  the  cubical  expansion  of 
the  containing  vessel.      This  may  be  proved  as  follows : — 

Let  Vq  be  the  common  volume  of  the  vessel  and  the  liquid 
at  0°,  V  the  real  volume  of  the  liquid  at  any  temperature  /,  and 
V  its  apparent  volume  at  the  same  temperature. 

If  5  be  the  coefficient  of  absolute  expansion  of  the  liquid,  its 
real  volume  at  /  is  V  =  Vq(  i  +  5/) ;  or,  substituting  A  for  5/, 

V  =  Vo(i-hA)    ....     (a) 

The  apparent  volume  of  the  liquid  is 

V'  =  Vo(H-D).         .  .         .     (b) 

D  being  equal  to  ^/,  where  ci  is  the  coefficient  of  apparent  ex- 
pansion. 

V  is  also  the  apparent  volume  of  the  portion  of  the  vessel  in 
which  the  liquid  is  contained  at  the  temperature  t.  If  k  be  the 
coefficient  of  cubical  expansion  of  the  vessel,  its  real  volume  is 
V'(i  +>^/),  and  this  is  equal  to  V,  the  real  volume  of  the  liquid. 
Putting  ^/=K,  we  have 

V.=  V'(i+K)   •.         .         .         .     (c) 

From  equations  (b)  and  (c),  by  multiplication,  we  have 

V  =  Vo(i+D)(i+K). 
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30.  Describe  the  behaviour  of  water  when  it  is  heated 
from  0°  to  10°  C.  How  would  you  show  the  existence 
of  a  point  of  maximum  density  between  these  tempera- 
tures ? 

31.  The  density  of  a  liquid  at  0°  is  Dq,  and  its  co- 
efficient of  cubical  expansion  is  k ;  show  that  its  density 
at  f  is 

D,  =  Do/(i +>&/). 

32.  Two  thermometers,  one  filled  with  mercury,  the 
other  with  water,  are  marked  so  as  to  agree  at  two  fixed 
points,  but  their  readings  are  found  to  differ  at  inter- 
mediate temperatures.  Explain  this  fact,  and  discuss  its 
bearing  upon  the  general  question  of  thermometric 
measurements. 

Explain  precisely  what  you  understand  by  the  symbol 
"  200°  C." 

33.  The  volume  of  a  gramme  of  water  being  i  c.c.  at 
4°,  and  1-0169  c.c.  at  60°,  what  is  the  mean  coefficient 
of  expansion  of  water  between  these  temperatures  ? 

34.  The  density  of  water  at  4°  is  unity,  and  its 
density  at  60°  is  0-9834  :  find  its  mean  coefficient  of 
expansion  between  4°  and  60°. 

36.  Describe  Dulong  and  Petit's  method  of  measuring 
the  real  expansion  of  mercury,  giving  a  sketch  of  the 
apparatus  employed.  State  the  hydrostatic  principle 
upon  which  the  method  is  based,  and  show  that  if  H^  and 
Hq  denote  the  height  of  the  hot  and  cold  columns  re- 
spectively, the  coefficient  of  expansion  is 
H^  -  H-j 


Comparing  this  with  equation  (a),  we  see  that 
i+A  =  (i+D)(i+K) 
=  i+D  +  K  +  DK. 

Now  both  D  and  K  are  small  quantities  compared  with  unity, 
and  hence  their  product  may  be  neglected  (see  §  ii). 

Therefore  A  =  D  +  K. 
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36.  Point  out  the  defects  in  the  above  method  which 
render  it  difficult  to  make  accurate  measurements. 
Sketch  and  describe  the  modified  form  of  apparatus  in- 
troduced by  Regnault. 

37.  In  an  experiment  made  by  the  above  method,  the 
heights  of  the  mercury  columns  were  6o  cm.  and  61-09 
cm.,  their  temperatures  being  0°  and  1 00°  respectively  : 
what  value  does  this  give  for  the  coefficient  of  expansion  ? 

Note. — In  Examples  38-47  the  coefficient  of  real  expansion  of 
mercury  is  to  be  taken  as  0'000i82. 

38.  M[n  an  experiment  made  according  to  Dulong  and 
Petit's  method,  the  heights  of  the  two  columns  of  mercury 
were  90  cm.  and  91-7  cm.:  if  the  first  column  was  at  0°, 
what  was  the  temperature  of  the  second  ? 

39.'^ Assuming  that  the  density  of  mercury  at  0°  is 
13-6,  prove  that  its  density  at  120°  is  13-3. 

40.  Show  that  the  volume  of  a  gramme  of  mercury  at 
110°  is  0-75  c.c./iand  that  the  weight  of  i  c.c.  of  mercury 
at  80°  is  13-4  gm. 

41.  The  height  of  the  barometer  is  found  to  be 
77.25  cm.,  the  temperature  of  the  air  being  25°:  prove 
that  the  corresponding  barometric  height  reduced  to  zero 
would  be  77-17  cm.,  i.e.  that  the  barometric  column 
would  stand  at  this  height  if  the  mercury  were  at  0°. 

42.  A  specific  gravity  bottle  contains  exactly  687  gm. 
of  mercury  at  70°:  show  that  its  internal  volume  at  this 
temperature  is  51-171  c.c. 

43.  Prove  that  the  mean  coefficient  of  real  expansion 
of  mercury  between  0°  and  300°  is  0-0001864,  having 
given  that  its  density  is  13.595  ^^  0°,  and  12-875  at 
300°. 

44.  A  weight  thermometer  contains  M  grammes  of  a 
liquid  at  0°;  on  heating  to  a  temperature  /,  in  grammes 
of  the  liquid  are  expelled  :  show  that  the  coefficient  of 
apparent  expansion  of  the  liquid  in  its  envelope  is 

k  =  mli^-m)t. 
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45yA  glass  bulb,  with  bent  capillary  tube,  was  filled 
with  mercury  at  the  temperature  of  melting  ice  :  it  was 
then  heated  to  100°,  and  the  expelled  mercury  carefully 
collected  and  weighed.  Calculate  the  apparent  coefficient 
of  expansion  of  mercury  between  these  temperatures  from 
the  data  given  below  :  — 

Weight  of  mercury  expelled  =  10-2877  gm. 
„        of  bulb  +  mercury  at  100°  =  697.5  gm. 
„        of  bulb  alone  =  38-5  gm. 

46.\^A  weight  thermometer  weighs  40  gm.  when 
empty,  and  490  grfi.  when  filled  with  mercury  at  0°;  on 
heating  it  to  100°,  6-85  gm.  of  mercury  escapes.  Calcu- 
late the  coefficient  of  expansion  of  the  glass.  (See  notes 
on  pp.  92  and  94.) 

47.  A  glass  flask  contains  1-36  kilogramme  of  mer- 
cury at  0° :  find  the  volume  at  1 00°  of  the  mercury  which 
is  expelled  when  the  flask  and  its  contents  are  heated  to 
1 00°.  [Coefficient  of  cubical  expansion  of  glass  = 
0-000025.] 

48.  A  weight  thermometer  which  contains  a  kilo- 
gramme of  mercury  at  0°  is  placed  in  an  oil-bath,  and 
the  mercury  expelled  is  found  to  weigh  20  grammes. 
Find  the  temperature  of  the  bath,  the  coefficient  of  ap- 
parent expansion  of  mercury  in  glass  being  0-000155. 

49.  A  glass  vessel  with  a  capillary  stem  weighs 
104-53  8"i^-  when  empty,  and  holds  623-51  gm.  of  mer- 
cury at  0°.  What  is  the  temperature  when  the  whole 
apparatus  weighs  717-62  gm.  ? 

60.  How  much  mercury  would  have  been  expelled  if 
the  glass  vessel  in  the  preceding  example  had  been 
heated  to  1 00°  exactly  ? 

61.  A  piece  of  glass,  the  weight  of  which  in  air  was 
46-76  gm.,  was  found  to  weigh  31-29  gm.  in  water  at 
its  point  of  maximum  density  (4°),  and  31-51  gm.  in 
water  at  60°.  Find  the  coefficient  of  cubical  expansion 
of  water,  taking  that  of  glass  as  0-000024. 
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The  loss  of  weight  of  the  glass  when  weighed  in  water  at  4° 
is  46'76  -  3i'29=  I5'47  gm.,  so  that  the  volume  of  the 
glass  at  4°  is  I5'47  c.c.     At  60°  its  volume  is 

15-47  X  (i  +0-000024  X  56)=  15-47  X  I -001344 
=  15.4908  c.c. 

Now  the  loss  of  weight  on  weighing  in  water  at  60°  is 
46-76 -31-51  =  15-25  gm. ;  therefore  15-4908  c.c.  is  the 
volume  occupied  by  15-25  gm.  of  water  at  60°.  This 
quantity  of  water  at  4°  would  occupy  15-25  c.c,  so  that  if 
k  be  the  coefficient  of  expansion  of  water, 

15-4908=  15.25(1 +56/^), 

and  .'.k  = — -=0-000282. 

15-25x56 

62.  The  method  indicated  in  the  preceding  example 
can  also  be  employed  for  measuring  the  expansion  of  a 
solid  when  that  of  the  liquid  is  known  (Matthiesen's 
method).  Explain  fully  how  you  would  proceed  to  find 
ad  initio  the  coefficients  of  cubical  expansion  of  a  solid 
and  a  liquid  (say  glass  and  water). 

63.  A  glass  rod  which  weighs  90  grammes  in  air  is 
found  to  weigh  49-6  gm.  in  a  certain  liquid  at  12°.  At 
97°  its  apparent  weight  in  the  same  liquid  is  51-9  gm. : 
find  the  coefficient  of  absolute  expansion  of  the  liquid. 

The  loss  of  weight  at  12°  is  90  -  49-6  =  40-4  gm.  If  D  be 
the  density  of  the  liquid  at  1 2°,  the  volume  of  the  glass  at 
this  temperature  is 

V  =  40-4/D. 

The  loss  of  weight  at  97°  is  90-51-9  =  38-1  gm.,  and  if 
D'  be  the  density  of  the  liquid  at  this  temperature,  the  vol- 
ume of  the  glass  at  the  same  temperature  is 
V'  =  38.i/D'. 
But  since   the   coefficient  of  cubical  expansion  of  glass  is 

0-000024,  

V'  =  V(  I  +  85  X  0-000024) 
•=V  X  1-00204. 
Therefore 

38.  i/D'  =  I  -00204  X  40-4/0. 
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Again,  if  ^  be  the  coefficient  of  expansion  of  the  liquid  be- 
tween 12°  and  97°,  D'  =  D/(i  +  85^).     Thus 

38-1  X  (i +85-^)=  1-00204  X  40-4, 
=  40-4824. 
.'.  38-1  X  85/^  =  40-4824  -  38-1  =2-3824, 
and  i=  2-3824/38-1  X  85  =  0-0007356. 

54,  A  solid  is  found  to  weigh  29-9  gm.  in  a  liquid  of 
specific  gravity  i-2i  at  10°,  its  weight  in  air  being 
45-6  gm.  It  weighs  30-4  gm.  in  the  same  Hquid  at  95°, 
when  its  specific  gravity  is  1-17.  Calculate  the  coeffi- 
cient of  cubical  expansion  of  the  solid. 


3.  Expansion  of  Gases. 

Charleys  Law.  — The  volume  of  a  given  mass  of  gas, 
kept  at  a  constant  pressure,  increases  by  a  definite 
fraction  of  its  amount  at  0°  for  each  degree  rise  of 
temperature. 

For  air,  hydrogen,  oxygen  and  nitrogen,  the  value  of 
this  fraction  (which  is  the  coefficient  of  cubical  expan- 
sion) is  0-00366,  or  approximately  1/273  :  the  latter 
value  may  be  adopted  in  solving  the  examples  in  this 
chapter. 

Let  Vq  denote  the  volume  at  0°  of  a  mass  of  gas  whose 
coefficient  of  expansion  is  a ;  by  Charles's  Law,  its 
volume  at  any  other  temperature  t"  will  be 

V,  =  Vo-f-Voa/  =  Vo(l+a/),     \ 
or,  since  a  =1/27 3,  I  ^^^ 

On  the  supposition  that  the  law  holds  good  down  to 
-  273°,  the  volume  of  the  mass  of  gas  would  appear  to 
vanish  at  this  temperature,  which  is  called  the  absolute 
H 
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zero  of  temperature.     Temperatures  reckoned  from  this 
zero  (  -  273°)  are  called  absolute  temperatures. 

If  the  volume  V^  of  a  mass  of  gas  be  given,  its  volume 
V«',  at  any  other  temperature  t'°  may  be  found  either  by 
first  calculating  its  volume  at  0°,  or  more  simply  as 
follows  : — 


By  equation 
and 

(3), 

V,  =  Vo(l+a/), 

Therefore 

V<  ~  I  +  a/ 

or,  substituting 

for  a 

its  value  1/273,   ■ 

V,' 

1+/7273     273  +  /' 

V, 

i+/'/273     273  +  / 

(4) 


•         .     (5) 

The  volume  of  a  given  mass  of  gas  ^  kept  at  a  consta?it 
pressure^  is  therefore  proportional  to  its  absolute  tempera- 
ture?- 

If  we  denote  by  T°  and  T'°  the  absolute  temperatures 
corresponding  to  the  temperatures  f  and  t'°  in  the  cen- 
tigrade scale,  equation  (5)  reduces  to  the  simpler  form 

Vt~T' 

A  gas  is  said  to  be  at  the  normal  pressure  and  tem- 
perature [N.P.T.]  when  its  pressure  is  equal  to  that  of  a 
column  of  mercury  76  centimetres  in  height,  and  its 
temperature  is  0°  C.     If  a  gas  be  heated  while  its  volume 

1  The  student  should  compare  this  with  what  we  have  stated 
on  p.  88  respecting  the  expansion  of  metal  rods,  and  should  be 
careful  not  to  adopt  the  method  there  given  when  dealing  with 
expansion  of  gases.  The  coefficients  of  expansion  of  gases  are 
much  larger  fractions  than  those  which  express  the  coefficients 
of  linear  expansion  of  solids,  and  hence  the  approximate  cialcula- 
tion  on  p.  88  is  not  applicable  here. 
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is  kept  constant,  the  pressure  increases  just  as  the  volume 
increases  when  the  pressure  is  kept  constant ;  so  that  if 
Pq  denote  the  pressure  at  0°,  the  pressure  at  any  other 
temperature  /°  is 

P,  =  Po(i+a/).  ...      (6) 

a  denoting  here  the  coefficient  of  increase  of  pressure 
at  constant  volume,  which  has  the  same  value  as  the 
coefficient  of  increase  of  volume  at  constant  pressure 
(1/273).  This  last  equation  is  similar  to  equation  (3); 
and  if  we  substitute  P  for  V  in  the  other  equations 
(4  and  5),  they  will  also  hold  good  for  change  of 
pressure. 

65.  100  c.c.  of  air  is  measured  off  at  20° :  if  the  tem- 
perature be  raised  to  50°,  what  will  the  volume  now  be, 
the  pressure  remaining  constant  ? 

By  equation  (5),  if  V^  be  the  required  volume  at  50°, 

V50_273  +  5o_323^ 
100     273  +  20     293' 
and 

•••  V5o  =  32300/293  =  110-24  c.c. 

66.  The  weight  of  a  litre  of  air  at  N.P.T.  is  1-293 
gm.  :  to  what  temperature  must  the  air  be  heated  so 
that  it  may  weigh  exactly  i  gm.  per  litre  ? 

Let  /°  be  the  required  temperature,  then  at  /°  1-293  g"^-  of 
air  occupies  a  volume  of  1-293  litre,  and  the  question  is 
equivalent  to  the  following  :  to  what  temperature  must  we 
heat  a  litre  of  air,  taken  at  0°,  in  order  to  increase  its 
volume  to  1-293  litre?  The  value  of  /  is  therefore  given 
by  the  equation 

i-293=i+//273, 

thus  /  =  0-293x273  =  79.99, 

and  the  required  temperature  is  79°-99. 

67.  A  closed  flask  containing  air  at  0°  is  connected 
with    a    mercury  manometer   which   indicates   that   the 
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pressure  inside  is  less  than  that  outside,  the  difference 
being  equal  to  the  pressure  due  to  a  column  of  mercury 
I  5  cm.  high.  The  flask  is  gradually  heated  :  find  the 
temperature  at  which  the  internal  and  external  pressures 
will  be  equal,  the  barometric  height  being  75  cm.  At 
what  temperature  will  the  pressure  inside  the  flask  be 
two  atmospheres  ? 

The  pressure  inside  the  flask  is  equal  to  that  due  to  a  column 
of  mercury  the  height  of  which  is  75  -  1 5  =  60  cm.  Suppose 
that  at  f  the  pressure  increases  to  75  cm.,  then,  by  equa- 
tion (6), 

75  =  60(1 +//273), 
.•.60^/273=15, 

and  ^  =  273  X  i5/6o  =  68°-25. 

Again,  if  t'°  be  the  temperature  at  which  the  pressure  is  2 
atmospheres  (=150  cm.), 

1 50  =  60^ I  4-/7273), 
.'.  60/7273  =  90, 

and  /'  =  273  X  90/60  =  409°- 5. 

68.  What  will  be  the  volume  at  75°  of  a  quantity  of 
air  which  occupies  2-5  litres  at  0°.  At  what  temperature 
will  its  volume  be  exactly  3  litres  ? 

59.  At  50°  the  volume  of  a  gramme  of  hydrogen  is 
13.2  litres  :  what  is  its  volume  (i)  at  0°,  (2)  at  30°  ? 

60.  What  volume  of  gas  measured  at  30°  will  have  a 
volume  of  200  c.c.  at  0°  ? 

61.  A  litre  of  hydrogen  weighs  0-0896  gm.  at  0° : 
find  the  weight  of  1602  c.c.  of  hydrogen  measured 
at  110°. 

62.  At  what  temperature  will  the  volume  of  a  given 
mass  of  gas  be  exactly  double  of  what  it  is  at  30°  ? 

63.  The  stopcock  of  a  copper  boiler  containing  air  at 
the  normal  pressure  is  closed  when  the  temperature  is 
25°:  it  is  then  immersed,  first  in  melting  ice,  and 
secondly  in  boiling  water.      Calculate  the  pressure  (in 
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centimetres  of  mercury)  inside  the  boiler  in  both  cases, 
neglecting  the  expansion  of  the  boiler. 

64yA  certain  mass  of  gas  has  a  volume  of  1250  c.c. 
at  90° :  find  its  volume  at  363°. 

Q5.  Calculate  the  mean  coefficient  of  expansion  of  air 
between  0°  and  200°,  having  given  that  its  density  is 
0.001293  at  0°  and  0-0007457  at  200°. 

QQ.  If  the  volume  of  a  quantity  of  air  at  10°  be  230 
c.c,  at  what  temperature  will  its  volume  have  increased 
to  285  c.c? 

67.  An  iron  cylinder  at  1 3°  contains  oxygen  gas  at  a 
pressure  of  6  atmospheres  :  if  the  cylinder  is  made  to 
stand  a  pressure  of  2 1  atmospheres,  show  that  it  may  be 
heated  to  728°  before  bursting. 

68.  Describe  carefully  an  experimental  method  of  find- 
ing the  relation  ( i )  between  the  volume  and  temperature 
of  a  gas  kept  at  constant  pressure,  (2)  between  the  pres- 
sure and  temperature  of  a  gas  kept  at  constant  volume. 

69.  A  quantity  of  mercuric  oxide  is  heated,  and  the 
oxygen  given  off  is  found  to  measure  300  c.c.  On 
cooling  to  the  temperature  of  the  room  (9°-5)  the  volume 
is  reduced  to  290-5  c.c  :  what  was  the  original  tem- 
perature ? 

70.  6  litres  of  air  at  1 0°  are  enclosed  in  the  cylinder 
of  an  air  engine,  the  cross-section  of  which  is  200  sq. 
cm.  The  piston  moves  through  a  distance  of  5  cm. : 
what  elevation  of  temperature  is  required  to  keep  the 
pressure  constant  .'* 

71.  A  litre  flask  is  filled  with  air  at  N.P.T.  ;  the 
temperature  is  then  raised  to  130°,  the  pressure  remain- 
ing constant :  find  the  volume  that  would  be  occupied 
by  the  air  which  escapes,  if  it  were  again  cooled  to  0°. 
(You  may  neglect  the  expansion  of  the  flask.) 

72.  The  density  of  carbon  monoxide  is  to  that  of 
carbon  dioxide  as  28  is  to  44  :  prove  that  the  density  of 
carbon  dioxide  at  156°  is  equal  to  that  of  carbon  mon- 
oxide at  0°,  the  pressures  being  identical. 
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Laws  of  Boyle  and  Charles. — Let  v^  be  the  volume 
at  o°  of  a  mass  of  gas,  the  pressure  being  p^.  If  the 
pressure  changes  to  p  (the  temperature  remaining  con- 
stant), then,  according  to  Boyle's  Law,  the  volume 
becomes  t/^  xpjp.  Now  let  the  gas  be  heated  to  any 
temperature  f  ;  according  to  Charles's  Law,  the  volume 
will  now  become 

v  =  v^p^{i-Vat)lp  .         .  .      (7) 

and  therefore 

TTar^o""  \  .  .      (8) 

=  a  constant  =  k  (say)  J 

Substituting  for  a  its  value  1/273, 

1+^/273       ' 

or  J^  =  jL  =  R(say)     .         .         .     (9) 

273+^     273  ^    ^^  ^""^ 

Since  2  73  +  /  =  T  (the  absolute  temperature  corre- 
sponding to  1°  on  the  centigrade  scale),  we  may  write 
the  last  equation  in  the  simple  form 

^  =  const.,  or /t;  =  RT     .  .  .      (10) 

Thus  the  product  of  the  pressure  and  jvolume  of  a 
given  mass  of  gas  is  always  proportional  to  its  absolute 
temperature. 

73.  A  litre  of  dry  air  weighs  1-293  S^'^-  at  N.P.T. 
At  what  temperature  will  a  litre  of  air  weigh  a  gramme, 
the  pressure  being  72  cm.? 

Let  /°  be  the  required  temperature.  A  litre  of  air,  taken  at 
0°,  would  at  /°  have  the  volume  (i  +//273)  litres,  if  the 
pressure  remained  constant ;  but  when  it  changes  from  the 
normal  pressure  (76  cm.)  to  72  cm.,  the  volume  increases 
further,  and  by  the  preceding  proposition  becomes 

(i+//273)x76/72. 
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This  is  the  volume  (in  litres)  of  i  •293  gm.  of  air  at  f  ;  and, 
in  order  that  i  gm.  of  air  at  this  temperature  should  occupy 
exactly  a  litre,  we  must  have 

(I  +//273)  X  76/72  X  1-293=  I. 
Thus 

(i+//273)x76  =  72x  I -293  =  93- 1, 
.-.  76//273  =  93.i-76=i7-i, 
and  /=273  X  i7.i/76  =  6i°-43. 

74.  A  quantity  of  air  at  the  atmospheric  pressure  and 
at  a  temperature  of  7°  is  compressed  until  its  volume 
is  reduced  to  one-seventh,  the  temperature  rising  20° 
during  the  process  :  find  the  pressure  at  the  end  of  the 
operation. 

By  the  above  proposition  [equation  (10)], 

pv  _p'z/ 
T~T^' 

the  letters  having  the  usual  signification.  The  absolute 
temperatures  corresponding  to  7°  and  27°  are  T  =  273  +  7 
=  280,  and  T'  =  273  +  27  =  300.  Taking  the  original 
volume  as  7,  and  the  final  volume  as  i,  we  have 

I  X  7/280=/ X  1/300 
.•./  =  7x  30/28  =  7-5. 

or  the  pressure  at  the  end  of  the  operation  is  ^\  atmos- 
pheres. 

75.  A  quantity  of  air  is  contained  in  a  straight  vertical 
tube  closed  at  the  lower  end,  the  air  being  shut  off  by  a 
pellet  of  mercury,  the  weight  of  which  may  be  neglected. 
When  the  temperature  is  1 3°,  the  mercury  is  66  cm. 
from  the  bottom  of  the  tube.  What  will  be  its  position 
when  the  temperature  is  52°,  and  what  is  the  temperature 
when  the  mercury  stands  at  63  cm.  ? 

Since  the  tube  is  supposed  to  be  uniform,  the  volume  occupied 
by  the  air  is  proportional  to  the  distance  of  the  mercury 
from  the  bottom  of  the  tube.  Let  d  be  the  distance  when 
the  temperature  is  52°  :  by  equation  (5) 
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and 

d      273  +  52     25 
66     273  +  13     22' 
^=3x25  =  75  cm. 

Again, 
63  cm. 

if  t  be  the  temperature  when  the 
,  by  the  same  equation, 

mercury 

stands  at 

66     273+13' 

.-.  273  +  ^=286x63/66=273, 

or  the  required  temperature  is  0°. 

76.  A  quantity  of  a  certain  gas  was  collected  and 
found  to  measure  54*02  c.c.  at  a  temperature  of  22°, 
the  barometric  height  being  74  cm.  On  cooling  down 
to  0°  the  volume  became  49-3  c.c,  the  height  of  the 
barometer  at  the  time  being  75  cm.  :  calculate  the  co- 
efficient of  expansion  of  the  gas. 

Let  a  denote  the  coefficient  of  expansion ;  then,  since  the 
volume  of  the  gas  at  0°  and  75  cm.  was  49-3  c.c,  its 
volume  at  0°  and  74  cm.  would,  by  Boyle's  Law,  be 
49-3  X  75/74  =  49'97  c.c,  and  at  22°  and  74  cm.  the 
volume  would  become  49-97  x  (i  +22a). 
Thus 

49-97x(i+22a)  =  54-o2, 
.-.  49.97x22x0  =  54-02 -49-97  =  4-05, 
and  a  =  4-05/49-97  X  22  =  0-003685. 

77.  Compare  the  volumes  of  equal  masses  of  air  (i) 
at  the  normal  pressure  and  temperature,  and  (2)  at  10° 
and  85  cm.  pressure. 

78.  450  c.c.  of  air  is  measured  off  at  0° :  it  is  then 
heated  to  30°,  and  the  pressure  is  reduced  to  one-half: 
what  is  now  the  volume .? 

79.  A  quantity  of  air  at  atmospheric  pressure  is  com- 
pressed so  that  its  volume  is  reduced  to  one-tenth,  the 
temperature  being  raised  from  23°  to  "^l"  '•  express  the 
new  pressure  in  atmospheres. 

80.  Compare  the  masses  of  equal  volumes  of  air  when 


i 
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measured  (i)  at  0°  and  30  in.  pressure,  and  (2)  at  65° 
and  29  in.  pressure. 

81.  Compare  the  mass  of  1 00  cubic  feet  of  air  at  40° 
and  under  the  atmospheric  pressure,  with  the  mass  of  i  o 
cubic  feet  of  air  at  0°  and  under  a  pressure  of  20  atmos- 
pheres. 

82.  If  the  barometer  falls  from  75  cm.  to  70  cm., 
what  must  be  the  alteration  in  the  temperature  of  a 
quantity  of  air  originally  at  17°  in  order  that  its  volume 
may  remain  constant  ? 

Note. — The  density  of  dry  air  at  N.P.T.  is  0-001,293  gramme 
per  cubic  centimetre. 

83.  Show  that  the  density  of  air  at  7 6' 8  cm.  pressure 
and  at  15°  C.  is  0-001239. 

84.  What  is  the  mass  of  the  air  contained  in  a  500 
c.c.  flask  at  10°  and  73  cm.  pressure? 

85.  The  cubical  content  of  a  certain  room  is  750 
cubic  metres  :  calculate  the  mass  of  air  contained  in  it 
at  17°  and  "]"]  cm.  pressure. 

86.  The  density  of  hydrogen  is  to  that  of  air  as 
1 :  14-44  :  calculate  the  volume  occupied  by  a  gramme 
of  hydrogen  at  16°  and  'j'j  cm.  pressure. 

87.  What  is  the  weight  of  10  litres  of  dry  air  at  14° 
and  74  cm.  pressure  ? 

88.  The  internal  volume  of  a  glass  flask  is  i  litre  at 
0°.  It  is  filled  with  air  at  the  normal  pressure  and 
temperature,  and  is  then  heated  to  91°  and  opened 
under  a  pressure  of  72  cm.  Find  the  weight  of  the  air 
that  escapes. 

89.  Explain  the  construction  of  some  practical  form 
of  air-thermometer,  and  the  method  of  using  it.  What 
reasons  have  we  for  supposing  that  measurements  of 
temperature  made  by  such  a  thermometer  are  more 
reliable  than  those  made  by  thermometers  which  depend 
upon  liquid  expansion .? 

90.  If  a  mass  of  gas  occupies  a  volume  of  1750  c.c. 
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at  8°  and  79  cm.  pressure,  what  will  be  its  volume  at 
26°  and  74  cm.  pressure  ? 

91.  A  flask  containing  air  is  corked  up  at  20° :  find 
the  pressure  inside  the  flask  after  it  has  stood  for  some 
time  in  a  steam-bath  at  98°,  the  original  pressure  being 
the  standard  atmospheric  pressure  of  30  inches  of 
mercury. 

If  the  flask  can  stand  a  pressure  of  2|^  atmospheres, 
at  what  temperature  will  it  burst } 

92.  Compare  the  densities  of  the  air  at  the  bottom 
and  top  of  a  mine-shaft,  when  the  temperatures  and 
barometric  pressures  are  20°  C.  and  31  inches,  and  5°  C. 
and  30  inches  respectively. 

93.  A  quantity  of  air  is  collected  at  0°  and  76  cm. 
pressure.  The  pressure  now  increases  to  78  cm.:  what 
change  of  temperature  will  cause  the  volume  to  increase 
up  to  its  original  value  ? 

94.  Compare  the  masses  of  air  contained  in  a  room 
( I )  when  the  temperature  is  6°  and  the  barometer  stands 
at  78  cm.,  and  (2)  when  the  temperature  is  20°  and  the 
pressure  T^  cm. 

95.  If  the  volume  of  a  ga^  at  1 3°  be  doubled,  to  what 
temperature  must  it  be  raised  in  order  that  the  pressure 
may  not  be  affected  by  the  change  of  volume  ? 

96.  A  cylindrical  test-tube  10  inches  in  length  and 
containing  air  at  0°  is  inverted  over  a  mercury-bath  and 
forced  downwards  until  its  upper  (closed)  end  is  level 
with  the  surface  of  the  mercury  in  the  bath,  the  baro- 
metric height  at  the  time  being  30  inches  :  to  what 
temperature  must  the  bath  be  raised  in  order  that  the  air 
may  fill  the  test-tube  1 

97.  A  mixture  is  made  of  8  litres  of  hydrogen  at  74 
cm.  pressure  and  3  litres  of  oxygen  at  76  cm.,  both 
gases  being  at  a  temperature  of  1 4°.  The  volume  of  the 
mixture  is  reduced  to  i  o  litres  :  find  the  pressure,  and 
prove  that  if  the  mixture  is  cooled  to  -  7°  the  pressure 
will  be  equal  to  the  original  pressure  of  the  oxygen  gas. 
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98.  Equal  quantities  of  air  at  temperatures  /^  and  t^ 
are  contained  in  two  hollow  spheres  whose  radii  are  r^ 
and  ^2  respectively  :  prove  that  the  pressures  within  the 
spheres  are  as  ( i  +  o-t^jr^  *  ( i  +  ^^2)1^2^  ^^d  that  the 
whole  pressures  on  the  internal  surfaces  of  the  spheres 

are  as  (i  +  a^iV^i  :  (i  +  a^2)/^2- 

99.  A  kilogramme  weight  is  placed  inside  a  bladder, 
which  itself  weighs  50  grammes.  The  bladder  is  then 
partly  filled  with  air  at  0°  and  tied  up,  when  its  volume  is 
exactly  i  litre  :  find  the  temperature  at  which  it  will  just 
float  in  water,  the  expansion  of  the  water  itself  being 
neglected. 

EXAMINATION   QUESTIONS. 

100.  Explain  what  is  meant  by  the  coefficient  of  ex- 
pansion of  a  substance. 

The  rod  of  a  two-seconds  pendulum  compensated  on 
the  ordinary  zinc  and  iron  principle  consists  of  an  iron 
rod  13-4  ft.  long,  the  lower  part  of  which  passes  through 
a  zinc  tube  which  rests  on  a  nut  at  the  bottom  of  the 
rod.  This  tube  is  surrounded  by  another  of  iron  of  the 
same  length  as  itself,  which  hangs  from  a  cap  attached 
to  the  top  of  the  zinc  tube.  The  centre  of  gravity  of  the 
bob  is  attached  to  the  lower  end  of  the  iron  tube.  The 
coefficient  of  expansion  of  zinc  is  -0000167  and  that  of 
iron  -0000067.     Show  that  the  length  of  the  tubes  should 

be  8-978  ft.  Camb.  B.A.  1878. 

101.  A  tubular  bridge  made  of  wrought -iron  has  a 
surface  area  of  160,000  square  feet.  Show  that  it  would 
cost  £2  :  9s.  more  to  paint  it  at  6d.  per  square  foot  when 
the  temperature  is  29°  C.  than  when  it  is  4°  C,  the 
coefficient    of  linear    expansion   of  wrought -iron   being 

.00001225.  Camb.  B.A.  1883. 

102.  A  rod  of  copper  and  a  rod  of  iron,  placed  side 
by  side,  are  riveted  together  at  one  end.  The  iron  rod 
is  150  cm.  long,  and  a  mark  is  made  on  the  copper  rod 
showing  the  position  of  the  unriveted  end  of  the  iron  at 
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o°  C.  If  at  30°  the  mark  is  0'02  55  cm.  from  the  end  of 
the  iron  rod,  what  is  the  coefficient  of  expansion  of 
copper,  that  of  iron  being  0-000012  ? 

Univ.  Coll.  Lond.  1886. 

103.  Distinguish  between  the  absolute  and  the  appar- 
ent expansion  of  mercury  contained  in  a  thermometer. 

The  coefficient  of  absolute  (cubic)  expansion  of  mer- 
cury is  -00018,  the  coefficient  of  linear  expansion  of 
glass  is  -000008.  Mercury  is  placed  in  a  graduated 
glass  tube,  and  occupies  loo  divisions  of  the  tube. 
Through  how  many  degrees  must  the  temperature  be 
raised  to  cause  the  mercury  to  occupy  i  o  i  divisions .'' 

Matric.  1883. 

104.  How  is  the  apparent  related  to  the  absolute 
expansion  of  a  liquid  ? 

A  glass  bottle  holds  1359-6  grammes  of  mercury  at 
the  temperature  of  melting  ice.  If  the  temperature  be 
raised  to  that  of  boiling  water,  how  much  mercury  will 
be  expelled  from  the  bottle,  the  coefficient  of  apparent 
expansion  of  mercury  in  the  glass  being  0-000154  ? 

Matric.  1886. 

105.  A  glass  bottle  holds  at  o°  C.  10169-3  grains  of 
mercury,  while  at  100°  C.  it  only  holds  100 11 -4  grains. 
Assuming  that  the  dilatation  of  mercury  between  0°  and 
100°  is  -01 8 1  53,  find  the  coefficient  of  cubical  expansion 

of  the  glass  bottle.  Owens  Coll.  1886. 

106.  Describe  some  method  by  which  the  expansion 
of  water  has  been  studied. 

If  8  be  the  expansion  of  water  between  4°  and  0°  C, 
and  A  its  expansion  between  4°  and  /°,  show  what  is  the 
density  of  water  at  t°  referred  to  water  at  o°- 

Int.  Sc.  1884. 

It  should  be  noticed  that  the  change  of  volume  is  positive  on 
either  side  of  /^°,  because  water  expands  on  cooling  from  4° 
downwards.  Thus  if  unit  volume  of  water  be  taken  at  4°, 
its  volume  at  0°  will  be  (i  +5),  and  at  f  will  be  (i  +  A). 
Let  d^  and  d^  represent  the  densities  of  water  at  0°  and  f 
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respectively.     Since  the  mass  of  water  remains  the  same, 
the  product  of  the  volume  into  the  density  remains  constant. 

.•.(i+5K  =  (i+AK, 

which  is  the  required  relation. 

107.  Given  the  absolute  expansion  of  mercury  between 
two  fixed  temperatures,  show  how  to  determine  the 
absolute  expansion  of  a  liquid  between  these  temperatures 
by  means  of  a  weight  thermometer  about  which  nothing 
is  previously  known. 

Thermometers  constructed  with  liquids  A,  B  agree  with 
a  mercurial  thermometer  at  temperatures  0°  7^,  0°  T'° 
respectively.     Find  at  what  temperature  on  the  mercurial 
thermometer  they  give  the  same  reading,  having  given 
Apparent  expansion  of  A  =  a^t  +  a^fi^ 

where  t  is  measured  on  the  mercurial  thermometer. 

Oxford  1885. 

108.  A  solid  weighs  320  grammes  in  vacuo,  240 
grammes  in  distilled  water  at  4°  C,  and  242  grammes  in 
water  at  100°  C,  of  which  the  density  is  0-959.  Find 
the  volume  of  the  solid  at  these  two  temperatures,  and 
deduce  therefrom  its  mean  coefficent  of  cubical  expansion 

for   I  °  C.  Int.  Sc.  1876. 

109.  Describe  carefully  some  method  of  measuring 
the  coefficient  of  expansion  by  heat  of  a  solid  substance. 

The  apparent  mass  of  a  piece  of  glass  weighed  in 
water  at  4°  is  25  grammes,  its  real  mass  being  3 7.5 
grammes  ;  its  apparent  mass  when  weighed  in  water  at 
100°  is  25-486  grammes.  The  coefficient  of  cubical  ex- 
pansion of  glass  per  1°  C.  is  -000026.  Show  that  the 
volume  of  i  gramme  of  water  at  100°  C.  is  1-043  cubic 
centimetres.  Ind.  c.  S.  1886. 

110.  Iron  is  7-8  times  as  dense  as  water  when  they 
are  compared  at  4°  C.  What  are  their  relative  densities 
at  100°  C.  ?     The  coefficient  of  linear  expansion  of  iron 
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is  0-0000I2,  and  the  expansion  of  water  between  4°  and 
100°  is  0-043  of  the  volume  at  4°.  Prel.  Sc.  1886. 

111.  The  weight  of  a  body  in  air  is  10*,  in  water  at  4° 
is  9-49998*,  and  in  water  at  10°  is  9-50007*:  find  the 
coefficient  of  expansion  of  the  body  and  its  density, 
given  that  i  c.c.  of  water  at  4°  becomes   1-00025  c-C- 

at  1 0°.  Balliol  Coll.  1881. 

112.  A  solid  is  weighed  in  a  liquid  at  0°  C.  and 
100°  C.  The  volume  of  the  solid  at  0°  C.  is  unity  and 
at  100°  C.  1-006.  Also  the  loss  of  weight  by  weighing 
in  the  liquid  is,  at  0°  C,  1800  grains,  and  at  100°  C, 
1750  grains.      Find  the  coefficient  of  dilatation  of  the 

liquid.  Int.  Sc.  Honours  1877. 

113.  Suppose  that  the  proportional  cubical  internal 
expansion  of  a  glass  sp.  gr.  bottle  between  o°  and  1 00°  C. 
is  .00235,  while  the  similar  expansion  of  mercury  is 
•01 8 1  53.  Suppose  also  that,  when  the  bottle  contains 
a  piece  of  iron  weighing  2000  grains,  the  remainder  of 
it  will  contain  6707-8  grains  of  mercury  at  0°  C,  while 
at  100°  C,  under  these  circumstances,  it  will  only  con- 
tain 6599-4  grs.  Finally,  assume  that  the  sp.  gravities 
of  mercury  and  iron  at  100°  C.  are  13-2  and  7-8  respec- 
tively. Determine  the  cubical  dilatation  of  iron  between 
0°  and  100°  C.  B.  Sc.  1877. 

114.  Experiments  on  the  expansion  of  benzene  gave 
the  following  results  : — 

Temperature.  Volume. 


u                 ... 

20°      .      .      . 

1 

1-0241 

40°      .     .     . 

1-0500 

60° 

1-0776 

80°      .      .      . 

I -1070 

Show  that  the  coefficient  of  expansion  can  be  represented 
by  the  formula  a  +  bt^  and  determine  the  values  of  the 
constants  a  and  b.  B.  Sc.  1884. 

115.    Determine  the  height  of  the  barometer  when  a 
milligramme  of  air  at  27°  C.  occupies  a  volume  of  20 
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cub.  cm.  in  a  tube  over  mercury,  the  mercury  standing 
73  cm.  higher  inside  the  tube  than  outside,  (i  gramme 
of  air  at  o°  C.  under  a  pressure  of  76  cm.  of  mercury 
measures  773-4  cub.  cm.)  int.  Sc.  1885. 

Let  h  denote  the  height  of  the  barometer,  then  the  pressure 
of  the  air  in  the  tube  over  mercury  is  //  -  73.  At  this 
pressure,  and  at  27°,  a  miUigramme  of  air  measures  20  c.c, 
whereas  at  0°  and  76  cm.  pressure  it  measures  0-7734  c.c. 
By  equation  (9),  p.  102,  we  have 

(>^-73)x20     76x0.7734 
273  +  27     ~        273 
. •.  /i  -  73  =  76  X  0-7734  X  300/20  X  273  =  3-23, 
and  the  required  barometric  height  is  76-23  cm. 

116.  How  may  the  relation  between  the  pressure  and 
temperature  of  a  given  mass  of  air  at  constant  vokmie 
be  determined  1 

A  quantity  of  air  occupies  10  cubic  feet  at  0°  C.  and 
under  a  pressure  of  20  inches  of  mercury.  What  will  be 
its  volume  at  30°  C.  and  under  a  pressure  of  1200  inches 
of  mercury  .?  Matric.  1884. 

117.  Explain  accurately  what  is  meant  by  the  state- 
ment that  the  coefficient  of  expansion  of  air  is  1/273. 
The  volume  of  a  certain  quantity  of  air  at  50°  C.  is  500 
cubic  inches.  Assuming  no  change  of  pressure  to  take 
place,  determine  its  volumes  at  50°  C.  and  at  100°  C. 
respectively.  Matric.  1887. 

118.  What  is  meant  by  saying  that  the  absolute 
temperature  of  a  gas  is  300°  C?  If  the  absolute  tem- 
perature be  260°  C,  what  is  the  temperature  in  the 
Centigrade  scale  ? 

Two  condensers  contain  equal  quantities  of  air.  One 
of  them  at  temperature  47°  C.  is  30  in.  long,  20  in. 
broad,  and  10  in.  high  ;  and  the  other  at  57°  C.  is  30  in. 
long,  25  in.  broad,  and  8 J  in.  high.  Show  that  the 
pressure  of  the  air  is  the  same  in  both.     Camb.  B.A.  1883. 

119.  A  vessel  contains  air  at  0°  C.  and  at  atmospheric 
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pressure.  It  is  heated  to  ioo°  C,  and  during  the  pro- 
cess one  ounce  of  air  escapes.  How  many  ounces  of 
air  were  there  originally  in  the  vessel,  the  expansion  of 
the  vessel  itself  being  neglected  ?  The  coefficient  of 
expansion  of  air  at  constant  volume  is  1/273. 

Matric.  1886. 

120.  A  given  quantity  of  a  gas  is  made  continually 
to  occupy  the  same  space.  Explain  what  changes  will 
take  place  in  its  pressure  when  changes  take  place  in  its 
temperature. 

A  straight  vertical  tube,  the  section  of  whose  bore  is 
one  inch,  is  closed  at  its  lower  end,  and  contains  a 
quantity  of  air  which  supports  an  air-tight  piston  whose 
weight  is  i  lb.  The  position  of  the  piston  is  observed 
when  the  temperature  of  the  air  is  31°  C,  and  the  weight 
of  the  piston  is  then  increased  by  i  lb.  Find  what  in- 
crease of  temperature  will  be  required  to  bring  back  the 
piston  to  its  former  position,  the  atmospheric  pressure 
being  1 5  lbs.  per  square  inch,  and  the  absolute  zero  of 
the  air  thermometer  being  -  273°  C,         Camb.  b.a.  1884. 


CHAPTER   IV 
.     SPECIFIC  AND  LATENT  HEAT 

1.  Specific  Heat. 

1.  A  COIL  of  copper  wire  weighing  45-1  gm.  was  dropped 
into  a  calorimeter  containing  52-5  gm.  of  water  at  10°. 
The  copper  before  immersion  was  at  99° '6,  and  the 
common  temperature  of  copper  and  water  after  immersion 
was  i6°-8.     Find  the  specific  heat  of  the  copper  wire. 

The  quantity  of  heat  (Q)  given  out  by  a  body  of  mass  vi  and 
specific  heat  s  in  cooling  through  an  interval  of  temperature 
Q  is  Cl  =  msd.  Thus  if  s  denote  the  specific  heat  of  the 
copper,  the  amount  of  heat  evolved  by  it  in  cooling  from 
99°-6  to  16°. 8  is  45-1  X  J  X  (99-6  -  16.8). 

Since  the  specific  heat  of  the  water  is  unity,  the  amount  of 
heat  required  to  raise  its  temperature  from  10°  to  16° -8  is 
52-5  XIX  (i6'8  -  10),  and  as  no  heat  is  supposed  to  be 
gained  or  lost  these  two  quantities  are  equal. 

.♦.  45.1  X jx82-8  =  52-5  x6.8, 
and  J  =  357/3734-3  =  0-0956. 

2.  What  is  the  temperature  of  an  iron  ball  weighing  5 
lbs.,  which,  when  immersed  in  8  lbs.  of  water  at  13°,  raises 
the  temperature  to  48°  ?  The  specific  heat  of  iron  is  o- 1 1 2. 

If  the  temperature  of  the  ball  before  immersion  was  /°,  the 
number  of  heat-units  ^  which  it  gives  out,  in  cooling  to  the 
final  temperature  of  48°,  is5xO'ii2x(/-  48). 

^  Since  specific  heat  is  merely  a  number,  or  a  numerical 
ratio  between  quantities  of  heat,  it  is  independent  of  the  unit  of 


114  HEAT  [CH. 

Assuming  that  no  heat  is  gained  or  lost  during  the  experi- 
ment, this  must  be  equal  to  the  number  of  heat -units 
absorbed  by  the_^cold  water,  i.e.  to  8  x  (48  -  13).  Equat- 
ing these  two  quantities,  we  have 

5  xo-ii2x(^-48)  =  8x  (48-  13), 

.  •.  0-56/=  8  X  35  4- (0-56  X  48), 
=  280-1- 26-88  =  306-88, 

and  ^=548°. 

3.  In  order  to  determine  the  specific  heat  of  silver, 
a  piece  of  the  metal  weighing  10-205  g"^-  was  heated 
to  101°. 9  and  dropped  into  a  calorimeter  containing 
81-34  gm.  of  water,  the  temperature  of  which  was 
raised  from  ii°-o9to  n°-7i.  The  water  equivalent 
of  the  calorimeter,  agitator,  and  thermometer  em- 
ployed was  2-91  gm. :  find  the  specific  heat  of  the 
silver. 

The  heat  evolved  by  the  hot  body  is  10-205  xjx  (101-9- 
11-71),  where  s  is  the  sp.  heat  of  the  silver.  The  heat  is 
partly  absorbed  by  the  water  and  partly  by  the  calorimeter, 
etc.,  and  these  are  together  equivalent  to  (81-34  +  2-91) 
gm.  =84-25  gm.  Since  these  are  raised  from  ii°-09  to 
ii°-7i,  the  heat  absorbed  is  84-25  (11-71  -  11-09). 

Equating  these  quantities,  we  have 

10-205x^x90-19  =  84-25x0-62, 
and  .*.  j'  =  0-05677. 


mass  (or  weight)  employed  ;  and  this  is  also  true  for  latent  heat. 
In  the  statement  or  solution  of  a  problem  it  is  a  matter  of  in- 
difference whether  we  take  as  our  unit  of  mass  the  pound,  the 
kilogramme,  or  the  gramme,  provided  that  we  use  this  unit 
consistently,  the  corresponding  units  of  heat  in  the  three  cases 
being  the  pound-degree  (or  amount  of  heat  required  to  raise  one 
pound  of  water  through  i°  C),  the  kilogramme-degree,  and  the 
gramme-degree.  The  last,  which  is  the  C.G.S.  unit,  is  some- 
times called  a  "calorie,"  and  Berthelot  distinguishes  the  kilo- 
gramme-degree from  this  by  calling  it  a  "Calorie"  (i  Calorie 
=  1000  calories). 


I 
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4.  The  same  piece  of  silver  was  heated  to  i02°-2  and 
immersed  in  75-3  gm.  of  turpentine  at  io°-98  :  the  ex- 
periment was  performed  with  the  same  apparatus  as  in 
Ex.  3,  and  the  final  temperature  was  i2°-47.  Calculate 
the  specific  heat  of  the  turpentine. 

Taking  the  sp.  heat  of  the  silver  as  0-05677,  the  amount  of 
heat  which  it  gives  out  is 

10-205  ^  0-05677  X  (I02-2  -  i2-47)  =  5i-97. 

Of  this,  75-3  X  s  X  (12-47  -  10-98)  is  absorbed  by  the  turpen- 
tine, s  being  its  sp.  heat ;  and  the  calorimeter  absorbs 

2-91  X  (12-47 -io-98)  =  4-336. 

Equating  the  amounts  of  heat  absorbed  and  emitted, 

5i-97  =  (7S-3x-yxi-49)  +  4'336, 

and  47-  34     ^0.^25. 

75-3x1-49  ^ 

5.'  A  certain  vessel  holds  800  c.c.  of  water  at  its 
temperature  of  maximum  density  (4°).  How  much  heat 
must  be  imparted  to  the  water  before  it  begins  to  boil  ? 
6. '  Define  specific  heat.  A  body  of  mass  M  and 
specific  heat  S  at  a  temperature  T°  is  dropped  into  a 
mass  7n  of  a  liquid  of  specific  heat  j  at  /°:  prove  that  the 
final  temperature  is 

_MST +  fnsi 
^=    MS  +  ms  ' 

and  that,  if  the  liquid  is  water, 

pi{d  - 1) 


S  = 


M(T  -  d) 


7.  'ilow  many  units  of  heat  are  required  to  raise  the 
temperature  of  i  50  grammes  of  copper  (of  specific  heat 
0-095)  fj'om  10°  to  150°? 

8.  \  What  amount  of  heat  must  be  given  to  an  iron 
armour-plate  2  metres  long,  i  metre  broad,  and  20  cm. 
in  thickness,  in  order  to  heat  it  from  1 0°  to  1 40°  ?  [Sp. 
gr.  of  iron,  7'7\  sp.  heat,  0-112.] 
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9.  The  thermal  capacity  (or  water  equivalent)  of  a 
body  being  defined  as  the  product  of  its  mass  into  its 
specific  heat,  calculate  the  capacity  for  heat  of  a  copper 
calorimeter  of  125  grammes.  What  special  name  is 
given  to  the  thermal  capacity  of  unit  mass  of  a  sub- 
stance ? 

10. "  A  body  of  mass  M  at  a  temperature  T°  is  dropped 
into  a  mass  in  of  a  liquid  of  specific  heat  s  contained  in 
a  calorimeter  of  mass  in'  made  of  a  substance  of  specific 
heat  /,  both  the  calorimeter  and  the  liquid  being  at  f\ 
if  the  final  temperature  is  ^,  prove  that  the  specific  heat 
of  the  solid  is 

{ms  +  m's')ie-t) 
^~       M(T-^) 

[Expressions  such  as  those  developed  in  Examples  6  and  10 
are  convenient  when  a  number  of  similar  problems  have  to  be 
solved,  or  in  calculating  the  results  of  actual  laboratory  ex- 
amples where  corrections  have  to  be  applied  ;  but  the  student 
will  find  that  in  general  it  is  best  to  work  out  problems  in 
specific  and  latent  heat  directly  by  equating  the  quantities  of 
heat  evolved  by  the  hot  body  and  absorbed  by  the  cold  body,  as 
in  the  solved  examples  1-4.] 

11.  ^/Find  the  specific  heat  of  a  substance  1 00  grammes 
of  which  at  90°,  when  immersed  in  250  grammes  of  water 
at  12°,  gave  a  resulting  temperature  of  18°. 

12.  What  is  meant  by  the  statement  that  the  specific 
heat  of  water  is  thirty  times  the  specific  heat  of 
mercury  ? 

If  a  kilogramme  of  mercury  at  120°  is  poured  into  a 
vessel  containing  200  gm.  of  ice-cold  water,  what  will 
be  the  temperature  after  the  whole  is  mixed  1  How 
would  the  weight  and  material  of  the  vessel  affect  the 
result  ? 

Note. — In  Examples  13-16  the  specific  heat  of  mercury  is  to  be 
taken  as  1/30. 

13.  Two  pounds  of  boiling  water  are  poured  upon  ten 
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pounds  of  mercury  at   16°:  what  will  be  the  common- 
temperature  after  mixing  ? 

14.  Compare  the  thermal  capacities  of  equal  volumes 
of  water  and  mercury,  the  density  of  mercury  being 
13-6. 

15/ A  flask  containing  half  a  litre  of  mercury  at  0°  is 
immersed  in  boiling  water,  and  allowed  to  remain  there 
until  the  mercury  has  attained  the  temperature  of  the 
water :  how  many  heat  -  units  does  it  gain  from  the 
water  ? 

16/  Equal  masses  of  boiling  water  and  of  mercury  at 
-  5°  are  mixed  together:  prove  that  the  resulting  tem- 
perature is  96°-65. 

17.  A  kilogramme  of  mercury  contained  in  a  glass 
flask  is  heated  by  immersing  the  flask  in  a  beaker  of 
boiling  water ;  it  is  then  poured  into  a  large  flask  con- 
taining 500  c.c.  of  water  at  10°,  and  after  shaking 
thoroughly  the  temperature  is  found  to  be  1 5°-3  :  find  the 
specific  heat  of  mercury. 

What  errors  would  probably  occur  in  carrying  out 
these  operations,  and  how  would  they  influence  the 
result  ? 

IQ-  35  grammes  of  copper  are  heated  to  98°. 5  and 
mixed  with  30  grammes  of  water  at  io°-3.  The  tem- 
perature of  the  mixture  is  found  to  be  i9°-2  :  what  is  the 
specific  heat  of  copper  ? 

19.  61 J  ounces  of  water  are  mixed  with  100  ounces 
of  alcohol,  and  the  final  temperature  is  found  to  be  mid- 
way between  the  two  initial  temperatures  :  what  is  the 
specific  heat  of  alcohol } 

20.  A  pound  of  boiling  water  is  allowed  to  cool 
down  to  10°:  if  all  the  heat  given  out  were  employed 
in  warming  40  pounds  of  air,  initially  at  0°,  to  what 
temperature  would  it  be  raised  ?  [Sp.  heat  of  air 
=  0.237.] 

21.  Calculate  the  specific  heat  of  silver  from  the 
following  data : — 


IO-2  gm 

84-0    „ 

102° 

. 

ii°.o8 

. 

ii°.69 
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Weight  of  silver  . 
Weight  of  water  . 
Temperature  of  silver  . 
Initial  temperature  of  water 
Final  temperature 

'  22.  30  grammes  of  iron  nails  at  100°  are  dropped 
into  60  grammes  of  water  at  i3°-2,  and  the  final  tem- 
perature is  i8°-6.  What  is  the  specific  heat  of  the 
nails  ? 

23.  If  you  had  at  your  command  a  supply  of  boiling 
water  and  of  tap-water  at  10°,  what  quantities  of  each 
would  you  take  in  order  to  prepare  a  bath  containing  20 
gallons  of  water  at  35°  ? 

24. '  A  7-lb.  iron  weight  was  taken  out  of  an  oil-bath 
and  immediately  immersed  in  10  lbs.  of  water  at  8°, 
whereupon  the  temperature  rose  to  20°.  If  the  specific 
heat  of  iron  is  0-112,  what  was  the  temperature  of  the 
oil-bath  ? 

This  suggests  a  method  of  measuring  high  tempera- 
tures, such  as  those  of  furnaces  :  how  would  you  carry 
it  out  practically  ? 

25.  Equal  volumes  of  turpentine  at  70°  and  of 
alcohol  at  10°  are  mixed- together :  find  the  resulting 
temperature. 

[Sp.  gr.  of  turpentine  =  0' 8 7,  of  alcohol  =  o- 80. 
Sp.  heat  of  turpentine  =  0-47,  of  alcohol  =  0'62.] 

Let  V  be  the  volume  taken,  and  0  the  resulting  temperature. 
The  mass  of  the  turpentine  is  0-87  z/,  and  the  amount  of 
heat  which  it  evolves  in  cooling  from  70°  to  0°  is  z^  x  0-87  x 
0-47(70  -  d).  This  is  entirely  spent  in  warming  a  mass 
0-8 z'  of  alcohol  from  10°  to  6°,  for  which  operation 
V  X  0-8  X  0-62  (d  -  10)  heat-units  are  required. 

Equating  these  quantities,  we  have 

0-87  X  0-47(70-^)  =  0-8  xo-62(^-  10). 
Thus  28-623  -f-  4-96  =  dx  (0-496  -I-  0-4089), 

and  ^  =  33 -5  83/0- 9049* 

=  37°". 
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26.  The  densities  of  two  substances  are  as  2  to 
3,  and  their  specific  heats  are  0-12  and  0-09  re- 
spectively :  compare  their  thermal  capacities  per  unit 
volume. 

27.  Assuming  that  the  density  of  boiling  water  is 
0-96,  and  that  the  density  of  mercury  at  0°  is  13-6, 
calculate  the  resulting  temperature  when  equal  volumes 
of  boiling  water  and  mercury  at  0°  are  mixed. 

28.  The  specific  heat  of  air  at  constant  pressure  is 
0-237,  and  a  litre  of  air  weighs  1-293  gramme:  how 
much  heat  is  given  out  by  50  litres  of  air  in  cooling  from 
25°  to  5°.? 

29.  Hot  air  at  650°  is  used  for  superheating  steam 
which  is  originally  at  100°.  The  air  and  steam  are  kept 
at  constant  pressure  during  the  operation,  under  which 
circumstances  their  specific  heats  are  0-237  and  0-48 
respectively,  and  they  are  introduced  into  the  superheater 
in  the  proportion  of  2  lbs.  of  air  to  7  lbs.  of  steam.  If 
the  air  is  allowed  to  cool  to  400°,  to  what  temperature 
will  the  steam  be  raised  ? 

30.  Three  liquids.  A,  B,  and  C,  are  at  temperatures  of 
30°,  20°,  and  10°  respectively.  When  equal  parts  (by 
weight)  of  A  and  B  are  mixed,  the  temperature  of  the 
mixture  is  26°  ;  and  when  equal  parts  by  weight  of  A 
and  C  are  mixed,  the  temperature  is  25°.  Prove  that 
a  mixture  of  equal  parts  of  B  and  C  will  have  a  tempera- 
ture of  i6°f. 


B,  and  C  respectively.  The  equation  for  the  amounts  of 
heat  evolved  and  absorbed  when  equal  parts  of  A  and  B 
are  mixed  reduces  to 

(30 -26)Sa  =  (26-20)86, 

and  .-.  Sj  =  -  Sfl. 

Similarly,  when  A  and  C  are  mixed, 

(3o-25)S„  =  (25-io)S6, 
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and 

.-.  s,. 

-> 

If  e  be 
andC 

the  temperature  of 

(20-^)S,= 

a  mixture  of 
=  (^-io)S„ 

equal  parts 

of 

B 

i.e. 

(20 

-e)- 

is. 

=  {d-^ 

,0).-. 

s„, 

.-.  40- 

■20  = 

:^-  10, 

and  6 

_5o_ 
3 

16°?. 
3 

31.  10  grammes  of  a  liquid  at  90°  were  mixed  with 
an  unknown  quantity  of  a  second  liquid  of  specific  heat 
0-25  and  temperature  16°;  the  resulting  temperature 
was  43°-75.  If  the  specific  heat  of  the  first  liquid  was 
0-45,  what  was  the  weight  of  the  second  ? 

32.  A  liquid  of  specific  heat  0-54  and  temperature 
29°  is  mixed  with  another  liquid  of  specific  heat  0-36 
and  temperature  1 1°,  and  the  final  temperature  was  17°. 
In  what  proportions  were  the  liquids  mixed  ? 

33.  Equal  weights  of  three  liquids,  whose  specific 
heats  are  j^,  s^,  and  s^,  and  temperatures  /j°,  t^^  and  t^ 
respectively,  are  thoroughly  mixed :  find  the  tempera- 
ture of  the  mixture. 

34.  In  order  to  find  the  specific  heat  of  absolute 
alcohol,  a  quantity  of  it  was  boiled  in  a  test-tube,  and 
poured  at  its  boiling-point  (78°'5)  into  a  calorimeter 
containing  74  gm.  of  turpentine  at  10° -6.  The 
calorimeter  was  weighed  before  and  after  the  addition  ; 
the  gain  of  weight  was  147  gm.,  and  the  final  tem- 
perature was  2  5°-2.  Find  the  specific  heat  of  the 
alcohol,  that  of  the  turpentine  being  0-466. 

What  advantage  was  there  in  using  turpentine  in  this 
experiment  ? 

35.  200  c.c.  of  water  at  55°  is  poured  into  a  copper 
calorimeter  whose  mass  is  30  gm.  and  specific  heat 
0-095.  Assuming  that  the  calorimeter  was  previously 
at  the  temperature  of  the  air,  viz.  10°,  and  that  the 
whole  of  the  heat  evolved  by  the  water  in  cooling  is 
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absorbed  by  the  copper,  find  the  temperature  to  which 
the  water  is  cooled. 

36.  lo  grammes  of  a  metal  were  taken  for  a  specific 
heat  determination,  and  by  a  preliminary  experiment  it 
was  found  that  the  rise  of  temperature  was  insufficient, 
being  only  3°- 7.  The  quantity  of  water  in  the  calori- 
meter was  reduced  by  one-third :  what  weight  of  the 
metal  should  now  be  taken  to  produce  a  rise  of  1 2°,  the 
other  conditions  remaining  the  same  ? 

37.  40  gm.  of  water  at  45°  were  poured  into  a 
leaden  crucible  weighing  300  grammes,  which  had 
previously  been  standing  in  a  room  the  temperature  of 
which  was  16°.  The  water  was  cooled  to  39°-46 : 
what  is  the  specific  heat  of  lead  .'* 

38.  In  two  experiments  made  to  determine  the  sp. 
heat  of  lead  shot,  the  water  equivalent  of  the  calorimeter 
was  1-3,  and  that  of  the  thermometer  was  0-5.  You  are 
required  to  find  the  mean  value  from  the  results  given, 
allowing  for  the  heat  absorbed  by  the  calorimeter  and 
thermometer. 


Exp.  I. 

Exp.  II. 

Weight  of  water      . 

.       48.1  gm. 

52.4  gm. 

Weight  of  shot 

.       60.9    ,, 

90-0    „ 

Temperature  of  shot 

.    100° 

100° 

Initial  temp,  of  water 

.     i3°-o 

i4°-i5 

Final      „           „ 

.        I6°.2 

i8°.5 

39.  Describe  the  method  employed  by  Regnault  in 
determining  the  specific  heats  of  gases  at  constant  pres- 
sure, explaining  in  detail  the  construction  of  the  heating 
apparatus  and  calorimeter,  and  the  means  adopted  for 
obtaining  a  current  of  the  gas  at  an  uniform  pressure. 

40.  If  the  quantity  of  heat  required  to  raise  unit 
mass  of  a  substance  from  0°  to  f  be  represented  by 

show   that   the   mean    specific   heat    of   the    substance 
between  f  and  t'°  is  given  by 
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and  that  the  true  specific  heat  at  f  is 

41.  Regnault  found  that  100-5  units  of  heat  were 
required  to  raise  the  temperature  of  unit  mass  of  water 
from  0°  to  100°,  and  203-2  to  raise  its  temperature  to 
200° ;  taking  the  specific  heat  of  water  at  0°  as  unity 
{i.e.  putting  a=i  in  the  preceding  equations),  prove 
that  the  true  specific  heat  of  water  at  any  temperature 
/°,  between  0°  and  200°,  is  given  by  the  equation 

S<  =  I  +  0-000042?  +  0-0000009^2, 

Show  also  that  the  true  specific  heat  of  water  at  150° 
is  1-02625. 

2.  Change  of  State  and  Latent  Heat. 

Note. — The  latent  heat  of  water  is  80,  and  the  latent  heat  of 
steam  is  536. 

42.  How  would  you  show  that  heat  is  absorbed  when 
common  salt  is  dissolved  in  water  ? 

Anhydrous  calcium  chloride  eagerly  absorbs  water, 
and  dissolves  in  it  with  evolution  of  heat ;  whereas  when 
crystallised  chloride  of  calcium  is  dissolved  in  water,  the 
temperature  falls.      How  do  you  explain  these  facts  ? 

43.  A  quantity  of  common  salt  is  mixed  with  water, 
both  being  at  0°  C.  After  solution  the  temperature  is 
found  to  be  below  0°,  and  if  melting  ice  be  employed 
instead  of  water,  the  fall  in  temperature  is  still  more 
marked.     Explain  these  results. 

44.  A  glass  flask  is  filled  with  a  mixture  of  ice  and 
water,  and  a  narrow  tube  with  an  india-rubber  stopper  is 
fitted  into  the  neck  so  as  to  force  the  water  up  to  a 
certain  height  in  the  tube  ;  the  flask  is  then  immersed 
in  lukewarm  water.  State  exactly  what  will  be  observed 
in  the  tube. 


IV]  CHANGE  OF  STATE  123 

46.  Give  a  sketch  of  the  reasoning  by  which  it  was 
predicted  that  the  effect  of  a  great  increase  of  pressure 
would  be  to  lower  the  melting-point  of  ice.  Show  how 
the  prediction  has  been  verified  ;  and  mention  any  im- 
portant results  arising  from  this  fact. 

46.  If  a  fine  wire  with  weights  at  its  ends  is  hung 
over  a  block  of  ice  at  0°,  it  is  found  that  the  wire  cuts 
through  the  block,  but  that  the  ice  reunites  behind  the 
wire,  leaving  the  block  still  continuous.      Explain  this, 

47.  Define  the  latent  heat  of  fusion  of  ice,  and  show 
that  its  numerical  value  may  be  deduced  from  the  fact 
that  when  equal  weights  of  boiling  water  and  melting  ice 
are  intimately  mixed,  the  ice  all  melts,  and  the  resulting 
temperature  is  10°. 

48.  How  much  ice  at  0°  will  be  melted  by  500 
grammes  of  boiling  water  ? 

49.  How  much  hot  water  at  75°  will  just  melt  10  lbs. 
of  ice  ? 

50.  Would  a  change  in  the  thermometric  scale  affect 
the  numerical  value  of  the  latent  heat  of  a  substance  ? 
The  specific  heat  of  lead  is  0-03 1  5  and  its  latent  heat  of 
fusion  is  5-34  when  the  Centigrade  scale  is  employed  : 
what  are  the  corresponding  numbers  in  the  Fahrenheit 
scale  ? 

51.  How  many  grammes  of  ice  must  be  dissolved  in 
a  litre  of  water  at  20°  in  order  to  reduce  its  temperature 
to  5°? 

52.  300  grammes  of  melting  ice  are  mixed  with  700 
grammes  of  boiling  water,  and  the  resulting  temperature 
is  46°:  what  is  the  latent  heat  of  fusion  ? 

53.  How  many  pounds  of  iron  (sp.  heat  0-112)  at 
400°  must  be  introduced  into  an  ice  calorimeter  in  order 
to  produce  3  lbs.  of  water  ? 

64.  A  lo-gramme  weight  made  of  brass  (sp.  heat 
0-09)  is  heated  to  100°,  and  dropped  into  a  mixture  of 
ice  and  water  :  how  much  ice  will  be  melted  ? 

56.  In  an  experiment  made  to  deterinine  the  latent  heat 
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of  fusion  of  ice,  120  grammes  of  ice  were  dropped  into 
a  beaker  containing  300  grammes  of  water  at  50°.  After 
all  the  ice  was  melted,  the  temperature  of  the  water  was 
found  to  be  13°:  calculate  the  latent  heat  of  fusion. 

5Q.  A  ball  of  copper  weighing  30  gm.  was  heated 
to  100°  and  placed  in  an  ice  calorimeter.  In  cooling 
down  it  evolved  sufficient  heat  to  melt  3* 54  gm.  of  ice  : 
what  is  the  specific  heat  of  copper  ? 

57.  155  c.c.  of  water  was  obtained  when  a  piece  of 
iron  at  100°  was  introduced  into  an  ice  calorimeter:  if 
the  mass  of  the  iron  was  i-o8  kilogramme,  what  was  its 
specific  heat  ? 

58.  The  bottom  of  a  cylindrical  vessel  is  covered  by 
a  layer  of  ice  i  decimetre  thick.  What  must  be  the 
height  of  a  column  of  boiling  water  which,  when  poured 
upon  the  ice,  will  just  suffice  to  melt  it  ?  [Sp.  gr.  of  ice 
=  0.917;  sp.  gr.  of  boiling  water  =  0.96.] 

Let  <r  denote  the  sectional  area  (in  sq.  cm.)  of  the  vessel,  and  /i 
the  height  of  the  column  of  hot  water.  The  volume  of  the 
water  is  //o-  c.c,  its  mass  is  ^o-  x  0'96,  and  the  number  of 
heat -units  which  it  evolves  in  cooling  from  100°  to  0°  is 
/iff  xo  96  X  100. 

Again,  the  mass  of  the  layer  of  ice  is  I0(rx0'9i7,  and  the 
number  of  heat -units  required  to  melt  it  is  lOcr  x  0-917  x  80. 
Equating,  we  have 

96/^  0-  =  800x0-9 1 7<r, 

and  >%  =  733-6/96  =  7-64. 

Thus  a  column  of  water  7-64  cm.  high  will  give  out  just 
enough  heat  to  melt  the  ice. 

69.  Assuming  that  the  specific  heat  of  ice  is  0-5,  its 
specific  gravity  0-92,  and  the  weight  of  a  cubic  foot  of 
■water  62-5  lbs.,  find  how  many  pound -degree  units  of 
heat  are  required  to  convert  a  block  of  ice  i  ft.  long,  6 
in.  thick,  and  9  in.  broad,  at  -  10°  into  steam  at  1 00°. 

60.  I  cwt.  of  ice  at  0°  was  taken  into  a  warm  room  : 
some  time  afterwards  it  was  found  to  have  melted  com- 
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pletely,  and  the  water  produced  by  the  fusion  was  at  21°. 
Express  the  cooling  effect  of  the  ice  in  pound-degrees  of 
heat. 

If  the  air  in  the  room  mentioned  was  originally  at  29° 
and  finally  at  the  temperature  of  the  water,  find  how 
many  pounds  of  air  were  cooled  from  29°  to  21°  by  the 
changes  mentioned,  taking  the  specific  heat  of  air  as 
0.237. 

61.  Find  the  result  of  mixing  i  lb.  of  snow  at  0°  with 
4  lbs.  of  water  at  30°. 

When  snow  (or  ice)  is  mixed  with  water,  one  of  two  things 
must  happen  :  either  a  portion  only  of  the  snow  will  be 
melted,  in  which  case  the  mixture  of  snow  and  ice  will 
have  a  temperature  of  0°;  or  the  whole  of  the  snow  will 
be  melted,  in  which  case  the  final  temperature  can  be 
found  as  below.  In  solving  such  questions  the  student 
should  first  find  by  inspection  whether  the  whole  or  part 
only  is  melted ;  otherwise  he  will  only  be  able  to  form 
from  the  given  data  a  single  equation  to  find  two  unknown 
quantities. 

The  amount  of  heat  required  to  melt  I  lb.  of  snow  at  0°  is 
80  pound -degree  units  of  heat,  and  the  number  of  these 
heat-units  which  4  lbs.  of  water  would  evolve,  in  cooling 
fiom  30°  to  0°,  is  4  X  30=  120  ;  since  i20>8o,  it  is  clear 
that  the  whole  of  the  snow  will  be  melted.  Let  d  be  the 
final  temperature  of  the  mixture  :  the  heat  evolved  by  the 
water  is  4  x  (30  -  ^),  and  the  heat  absorbed  by  the  snow 
(first  in  melting,  and  then  in  being  raised  to  d°)  is  80  +  d. 
Equating,  we  have 

120-4^  =  80  +  ^, 

and  ^  =  40/5  =  8. 

Thus  the  result  is  5  lbs.  of  water  at  8°. 

62.  Find  the  result  of  mixing  2  lbs.  of  ice  at  0°  with 
3  lbs.  of  water  at  45°. 

Only  a  portion  of  the  ice  will  be  melted,  for  the  amount  of 
heat  which  the  water  can  give  out  in  cooling  to  0°  is  only 
3  X  45  =  135  ;  whereas  2  x  80  =  160  heat-units  are  required 
to  melt  all  the  ice.     Thus  the  final  temperature  will  be 
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that  of  a  mixture  of  ice  and  water,  viz.  o°.     If  x  denote 
the  amount  of  ice  melted, 

2>ox=2  X  45,  and  .'.  x  =1-7. 
,     Result)  4-7  lbs.  of  water) 
|o-3     „        ice      S 

63.  If  5  lbs.  of  snow  be  mixed  with  2  lbs.  of  water 
at  60°,  how  much  snow  will  be  melted  ? 

64.  Explain  clearly  what  is  meant  by  the  statements : 
"the  specific  heat  of  ice  is  0-5,"  "the  latent  heat  of 
water  is  80."  What  is  the  result  of  mixing  a  pound  of 
ice  at  —  10°  with  a  pound  of  water  at  50°? 

Q5.  If  a  quantity  of  snow  be  dissolved  in  five  times 
as  much  water  at  25°,  by  how  much  will  the  temperature 
of  the  water  be  lowered  ? 

QQ.  Find  the  result  of  mixing  3  lbs.  of  melting  ice 
with  7  lbs.  of  water  at  60°. 

67.  What  will  happen  if  2  lbs.  of  boiling  water  are 
poured  upon  2  lbs.  of  snow  at  0°  ? 

68.  Phosphorus  melts  at  44° -2,  but  can  be  cooled 
considerably  below  this  temperature  before  solidification 
sets  in.  Show  that  if  solidification  commences  at  a 
temperature  of  3o°.7,  just  one-half  of  the  mass  will 
remain  in  the  molten  state.  The  latent  heat  of  fusion 
of  phosphorus  is  5-4,  and  its  specific  heat  in  the  molten 
state  is  0-2. 

Let  the  quantity  of  melted  phosphorus  be  denoted  by  unity, 
and  let  x  be  the  amount  which  solidifies :  on  solidification 
the  temperature  of  the  whole  rises  suddenly,  the  result 
being  a  mass  x  of  solid  phosphorus,  and  a  mass  (i  -:r)  of 
molten  phosphorus,  both  at  44° -2.  The  amount  of  heat 
evolved  in  the  solidification  is  5-4^,  and  the  amount  re- 
quired to  raise  the  whole  mass  to  44°*2  is  (44*2  -  30-7)  x 
0-2.  Equating  these  quantities,  we  have  5-4J!:=i3-7x 
0'2,  and  ;i;  =  2'7/5«4  =  0'5,  so  that  exactly  one-half  of  the 
phosphorus  remains  in  the  molten  state. 

69.  10  gm.  of  phosphorus  is  melted  and  then 
gradually  cooled  to  26°,  at  which  temperature  solidifica- 
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tion   commences :    find  how  much   will   remain   in  the 
liquid  state. 

70.  A  quantity  of  water  is  cooled  down  gradually  to 
-  1 5°,  and  it  then  commences  to  freeze :  assuming  that 

the  specific  heat  of  water  below  the  freezing  point  is 
unity,  find  how  much  ice  will  be  produced. 

71.  Discuss  fully  the  relative  advantages  and  dis- 
advantages of  the  various  methods  of  determining  the 
specific  heat  of  a  substance,  stating  which  you  would 
adopt  when  the  amount  of  the  substance  at  your  dis- 
posal is  very  small.  How  would  you  proceed  to  determine 
the  specific  heat  of  a  substance  by  means  of  Bunsen's 
ice-calorimeter  ? 

Theory  of  the  Bunsen  Ice-calorimeter. — The  latent 
heat  of  fusion  of  ice  is  80,  i.e.  80  heat-units  are  required 
to  melt  I  gramme  of  ice.  Now  since  the  density  of  ice 
is  0.91674,  I  c.c.  of  ice  weighs  0-91674  gramme  ;  hence 
the  volume  of  a  gramme  of  ice  is  1/0-91674=  1-0908 
c.c,  and  a  mixture  of  ice  and  water  will  diminish  in 
volume  by  0-0908  c.c.  for  each  gramme  of  ice  melted. 
The  application  of  a  single  unit  of  heat  to  such  a 
mixture  will  cause  a  diminution  in  volume  of  0-0908/80 
=  1/881  c.c. ;  in  other  words,  881  heat-units  are  required 
to  cause  a  contraction  of  i  c.c. 

Let  a  body  of  mass  m^  and  specific  heat  j,  be  heated 
to  f  and  dropped  into  the  calorimeter ;  in  cooling  down 
to  0°  it  will  give  out  inst  units  of  heat.  If  the  observed 
diminution  in  volume  of  the  mixture  of  ice  and  water  be 
denoted  by  2/,  then  8817/  heat-units  must  have  been 
evolved.     Equating  these  two  quantities,  we  have, 

an  equation  to  find  s. 

[The  value  given  above  for  the  density  of  ice, — 0-91674, — is 
that  obtained  by  Bunsen.  Bunsen  also  made  a  special 
determination  of  the  latent  heat  of  fusion  of  ice,  and  found 
it  to  be  80-025;  other  important  determinations  have  given 
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79-24  (Regnault),  and  79-25  (Person,  De  la  Provostaye  and 
Desains).  The  calculation  is  not  quite  correct,  because 
we  have  assumed  that  a  gramme  of  water  at  0°  has  unit 
volume,  whereas  its  volume  is  really  somewhat  greater, 
viz.  I -00012  c.c.  In  solving  the  examples  which  follow, 
the  value  of  the  constant  (881)  should  not  be  assumed,  but 
each  problem  should  be  worked  out  from  the  given  data.] 

72.  0-484  gm.  of  a  metal  at  100°  is  dropped  into  a 
Bunsen's  calorimeter,  and  the  thread  of  mercury  moves 
backwards  through  1-21  cm.  in  the  capillary  tube,  the 
diameter  of  which  is  o-6  mm.:  assuming  that  881  heat- 
units  are  required  to  cause  a  contraction  of  i  c.c,  show 
that  the  specific  heat  of  the  metal  is  0-06227. 

Note. — In  solving  Examples  73-77  the  volume  of  a  gramme 
of  ice  is  to  be  taken  as  1-09  c.c,  and  the  latent  heat  of 
water  as  80. 

73.  What  change  will  be  produced  in  the  volume  of 
a  mixture  of  ice  and  water  when  150  heat-units  are 
imparted  to  it  ? 

74.  A  mixture  of  ice  and  water  was  placed  in  a  test- 
tube  and  occupied  a  volume  of  30  c.c. ;  the  test-tube 
was  held  in  hot  water  until  the  volume  had  diminished 
to  29  c.c. :  how  much  heat  had  been  absorbed  in  the 
meantime  ? 

75.  A  lo-gramme  weight  made  of  brass  (sp.  heat  = 
0-09)  is  heated  to  100°  and  dropped  into  an  ice-calori- 
meter :  what  contraction  will  it  produce  ? 

76.  What  change  of  volume  would  be  produced  in 
an  ice-calorimeter  by  placing  in  it  2-5  gm.  of  a  substance 
of  specific  heat  0-076  at  a  temperature  of  100°  ? 

77.  Calculate  the  specific  heat  of  a  metal  which  gave 
the  following  results,  according  to  Bunsen's  method : — 
0-96  gm.  was  heated  to  99°- 5,  and  dropped  into  the 
calorimeter ;  the  thread  of  mercury  retreated  through  a 
distance  of  8-3  mm.  in  the  capillary  tube,  whose  bore 
had  a  cross-section  of  i  sq.  mm. 

78.  10  grammes  of  water  at  88°  are  placed  in  the 
inner  tube  of  a  Bunsen's  calorimeter,  and  it  is  found  that 
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the  volume  of  the  contents  of  the  outer  portion  decreases 
by  exactly  i  c.c. :  taking  the  latent  heat  of  water  as  80, 
what  value  does  this  give  for  the  specific  gravity  of 
ice  ? 

79.  0-87  gramme  of  a  substance  was  heated  to  9 8°. 6, 
and  then  dropped  into  a  Bunsen's  ice-calorimeter  ;  the 
movement  of  the  mercury  column  showed  that  the 
volume  of  the  mixture  of  ice  and  water  surrounding  the 
body  had  diminished  by  7-9  cub.  mm:  find  the  quantity 
of  ice  melted,  and  the  specific  heat  of  the  substance 
from  the  data  given.  [Latent  heat  of  fusion  of  ice  =  80. 
Sp.  gr.  of  ice  =  0-91 7.] 

80.  It  is  said  that  the  vapour  of  any  liquid  exerts  a 
definite  pressure  which  depends  upon  (i)  the  nature  of 
the  liquid,  and  (2)  the  temperature:  how  would  you 
proceed  to  show  that  this  is  the  case  ? 

The  surface  of  a  liquid  is  exposed  to  the  atmosphere, 
and  heat  is  gradually  applied  until  the  pressure  of  the 
vapour  of  the  liquid  becomes  equal  to  the  atmospheric 
pressure  :  explain  fully  what  occurs. 

81.  What  do  you  understand  by  the  expression 
"maximum  tension  of  water  vapour"  at  a  given  tem- 
perature ?  How  do  you  explain  the  existence  of  a 
maximum  vapour-pressure  at  every  temperature,  and 
why  does  it  increase  with  the  temperature  ? 

82.  Describe  briefly  the  methods  which  you  would 
employ  for  measuring  the  maximum  pressure  of  water- 
vapour  (i)  below  60°,  (2)  between  60°  and  100°,  and 
(3)  above  100°. 

83.  How  would  you  find  by  experiment  (i)  the 
minimum  pressure  at  which  a  very  volatile  liquid  such 
as  liquified  sulphur  dioxide  can  be  kept  exposed  without 
boiling,  and  (2)  the  maximum  pressure  at  which  common 
ether  will  begin  to  boil,  both  substances  being  supposed 
to  be  kept  at  the  atmospheric  temperature  ? 

84.  Define   the   boiling   point   of  a  liquid,  and  dis- 
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tinguish  between  ebullition  and  evaporation.  What 
condition  determines  whether  a  liquid  will  boil  or 
evaporate  ? 

86.  State  the  laws  which  govern  the  phenomenon  of 
boiling,  and  mention  any  abnormal  cases  in  which  these 
laws  are  not  followed. 

What  precautions  would  you  take  ( i )  in  order  to  make 
a  liquid  boil  very  regularly,  (2)  to  make  it  boil  at  as  low 
a  temperature  as  possible  ? 

86.  Water  at  15°  is  sprinkled  upon  the  floor  of  a 
chamber  which  contains  dry  air  at  15°  and  76  cm. 
pressure:  how  will  the  pressure  be  affected  (i)  if  the 
chamber  is  air-tight,  (2)  if  there  is  free  communication 
with  the  atmosphere  ?  Will  the  temperature  be  affected 
at  all.-*  (The  vapour  pressure  of  water  at  15°  is  1-27 
cm.) 

87.  The  table  below  gives  the  maximum  pressure  of 
water-vapour  in  millimetres  of  mercury: — 

4°   .   .   6.1  8°   .   .    8.0  12°  .   .    10.4 

6°  .  .   7.0  10°  .  .   9-1  14°  .  .    1 1.9 

State  briefly  how  these  numbers  have  been  obtained  ; 
and  find  the  actual  pressure  of  the  water-vapour  present 
in  a  room  at  14°  when  the  dew-point  is  found  to  be  5°. 
What  is  the  relative  humidity  of  the  air  in  the  room  ? 

88.  Calculate  the  latent  heat  of  steam  from  the  results 
of  the  following  experiment,  allowing  for  the  heat  absorbed 
by  the  brass  calorimeter  : — 

Weight  of  calorimeter  ....      326-3    gni. 
„  „         +  water         .  .      757.7      „ 

,,  steam  condensed  .  .  .        46'35    ,, 

Temperature  of  steam  .  .  .  100° 

,,  water  before  experiment       7°  -5 

,,  ,,       after  experiment  .      65°  -2 

Taking  the  specific  heat  of  brass  as  0-09,  the  water-equivalent 
of  the  calorimeter  is  326.3  x  0-09  =  29.4  (q.  p.) 
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The  steam  in  condensing  gives  out  46-35;c  units  of  heat,  x 
denoting  the  required  value  of  the  latent  heat  of  steam. 
Further,  in  cooling  from  100°  to  65° -2  it  evolves  46-35  x 
34-8=  i6i2-6  heat-units.  These  are  together  equal  to  the 
amount  of  heat  required  to  raise  the  water  and  calorimeter 
from  7° -5  to  65° -2,  t.e.  to 

(431 .4  +  29-4X65.2  -  7-5)  =  460-6  X  57.7  =  26588-2. 

Thus  46-35^+ 1612-6  =  26588-2, 

and  ^  =  24975.6/46-35  =  539-1. 

89.  The  condenser  of  a  steam-engine  is  supplied  with 
injection  water  at  a  temperature  /°,  and  the  steam  enters 
the  condenser  at  100°.  How  many  pounds  of  injection 
water  must  be  supplied  for  every  pound  of  steam  con- 
densed, in  order  that  the  water  may  leave  the  condenser 
at  a  temperature  T°  ? 

I  lb.  of  steam  in  condensing  to  water  at  100°  sets  free  536 
units  (pound-degrees)  of  heat,  and  in  cooling  from  100°  to 
T°  it  further  gives  out  (100 -T)  heat-units.  These  are 
together  equal  to  x{T  -  /),  the  amount  of  heat  absorbed  by 
the  injection-water,  x  being  the  required  weight  of  water, 
which  is  heated  from  i°  to  T°. 

Thus  jr(T-/)  =  536  +  (ioo-T), 

and  a:  =  (636-T)/(T-/). 

90.  What  is  meant  by  saying  that  the  latent  heat  of 
steam  is  536?  How  many  heat-units  are  required  to 
convert  50  grammes  of  water  at  12°  into  steam  at  100°  ? 

91.  A  vessel  containing  30  gm.  of  ice  is  placed  over 
a  spirit-lamp  :  how  much  heat  will  be  required  to  melt 
it  and  vaporise  the  water  completely  ? 

92.  How  many  pounds  of  steam  at  100°  will  just  melt 
50  pounds  of  ice  at  0°  ? 

93.  10  gm.  of  steam  at  100°  is  condensed  in  a  kilo- 
gramme of  water  at  0°,  and  the  temperature  of  the  water 
is  thereby  raised  to  6° -3  :  what  value  does  this  give  for 
the  latent  heat  of  steam  ? 

94.  How  many  grammes  of  steam  at   100°  must  be 
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passed  into  200  gm.  of  ice-cold  water  in  order  to  raise 
it  to  the  boiling-point  ?  What  will  happen  if  more  steam 
than  this  is  passed  in  ? 

95.  Compare  the  amount  of  heat  required  to  convert 
a  given  mass  of  ice  at  -  3°'2  into  water  at  38°,  with  that 
required  to  convert  the  same  mass  of  water  at  38°  into 
steam  at  100°.      [The  specific  heat  of  ice  is  0-5.] 

96.  A  kilogramme  of  cold  ice  is  taken  at  -  1 0°,  and 
heat  is  continually  applied  to  it  until  a  temperature  of 
1 000°  is  attained :  trace  the  successive  effects  produced, 
stating  the  amount  of  heat  required  for  each  of  these 
effects. 

97.  Calculate  the  latent  heat  of  steam  from  the 
results  of  the  following  experiment,  made  with  the  same 
apparatus  as  that  of  Ex.  88  : — 

Weight  of  calorimeter  .... 

,,  ,,  +  water 

,,  steam  condensed  . 

Temperature  of  steam  ... 

,,  water  before  experiment 

,,  ,,     after  experiment  . 

98.  A  calorimeter  weighing  150  gm. 
silver  of  specific  heat  0-056,  contains  350  gm.  of  water 
at  8°.  If  10  gm.  of  steam  at  100°  is  passed  into  the 
water,  what  will  be  the  temperature  after  equilibrium  has 
been  attained,  supposing  no  heat  to  be  lost  or  gained  ? 


EXAMINATION    QUESTIONS. 

99.  Define  the  notion  of  temperature. 

The  temperature  of  a  fluid  is  ascertained  by  means 
of  the  hand  to  be  the  same  as  that  of  a  mixture  of  3 
lbs.  of  water  at  0°  C.  with  7  lbs.  of  water  taken  at  1 00° 
C.     What  is  the  temperature  of  the  fluid  ? 

Edinb.  M.A.  1882. 

100.  Compare  the  advantages  of  mercury  and  alcohol 
as  thermometric  substances. 


326.3 

gm. 

9153 

,, 

28.38 

>> 

100° 

2°.8 

30°.  8 

and  made 

of 
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It  is  sometimes  stated  that  the  low  specific  heat  of 
mercury  ('033)  is  one  of  its  special  qualifications.  Show 
that  if  the  coefficients  of  expansion  of  the  two  liquids 
were  the  same,  and  two  similar  thermometer  tubes  were 
filled,  one  with  each  liquid,  that  filled  with  alcohol  would 
require  a  greater  quantity  of  heat  to  raise  it  through  the 
same  range  of  temperature  unless  the  specific  heat  of 
alcohol  were  less  than  -528.      [Sp.  gr.  of  mercury  13-6  ; 

of  alcohol   -85.]  Camb.  Schol.  1883. 

101.  A  copper  vessel  containing  a  thermometer  is  at 
12°  C.  50  gm.  of  water  at  60°  are  poured  in,  and  the 
temperature  after  stirring  is  found  to  be  50°  :  find  the 
thermal  capacity  or  water-equivalent  of  the  vessel  and 
thermometer.  Vict.  int.  1885. 

102.  State  clearly  the  distinction  between  temperature 
and  heat. 

Twenty  pound-degrees  of  heat  are  communicated  to  a 
metal  vessel  weighing  8  lbs.,  and  containing  10  lbs.  of 
water.  If  the  specific  heat  of  the  metal  be  y^^,  in  what 
proportion  will  the  heat  be  divided  between  the  water 
and  the  vessel,  and  what  will  be  their  rise  of  tempera- 
ture ?  Matric.  1884. 

103.  A  bath  being  required  at  a  temperature  of  37°  C, 
twelve  pailsful  of  cold  water  at  10°  are  thrown  into  it. 
Hot  water  from  a  cistern  at  55°  is  now  poured  in  until 
the  temperature  of  the  bath  is  25°  C.  If  the  water 
remaining  in  the  cistern  be  now  heated  until  it  boils, 
show  that  the  bath  will  be  at  the  required  temperature 
when  four  pailsful  of  the  boiling  water  have  been  poured 
in,  although  its  temperature  falls  2°  C.  whilst  the  water 
in  the  cistern  is  being  heated  to  the  boiling  point. 

Camb.  B.A.  1883. 

104.  200  grammes  of  water  at  99°  C.  are  mixed  with 
200  cub.  cm.  of  milk  of  density  i  -03  at  i  5°  C,  contained 
in  a  copper  vessel  of  thermal  capacity  equal  to  that  of  8 
grammes  of  water,  and  the  temperature  of  the  mixture  is 
57°  C.      If  all  the  heat  lost  by  the  water  is  gained  by 
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the  milk  and  the  copper,  what  is  the  specific  heat  of  the 

milk  ?  Matric.  1885. 

106.  What  is  the  latent  heat  of  fusion  of  a  substance  ? 

A  pound  of  ice  at  o°  C.  is  thrown  into  6  lbs.  of  water 
at  15°  contained  in  a  copper  vessel  weighing  3  lbs.,  and 
when  the  ice  is  melted  the  temperature  of  the  water  is 
2°  C  :  find  the  latent  heat  of  fusion  of  ice,  the  specific 
heat  of  copper  being  0-095.  Matric.  1886. 

106.  Describe  experiments  illustrating  the  difference 
between  temperature  and  heat. 

In  100  grammes  of  boiling  water  (/=  100)  there  are 
placed  20  grammes  of  ice,  and  the  temperature  falls  to 
70°  when  the  ice  is  just  melted  :  what  is  the  latent  heat 
of  fusion  of  ice,  assuming  no  heat  to  be  lost  ? 

Matric.  1887. 

107.  Five  hundred  cubic  centimetres  of  mercury  at 
56°  C.  are  put  into  a  hollow  in  a  block  of  ice,  and  it  is 
found  that  159  grammes  of  the  ice  are  Hquified  :  find 
the  specific  heat  of  mercury.  Glasgow  m.a.  1882. 

108.  Three  separate  mixtures  are  made,  namely — 

( 1 )  Water  and  snow, 

(2)  Water  and  salt, 

(3)  Snow  and  salt. 

If  all  the  materials  were,  before  being  mixed,  at  0°  C, 
which  mixture  will  be  at  the  highest  temperature  and 
which  at  the  lowest  ?  and  why  ?  Matric.  1885. 

109.  Calculate  the  cooling  effect  of  a  cube  of  ice 
2  ft.  in  the  side,  taken  at  0°  C.  and  reaching  27°  C. 
when  its  cooling  power  has  been  exhausted.  (The  co- 
efficient of  the  expansion  of  water  on  changing  into  ice 
is  JL^  and  the  number  of  pounds  in  i  cubic  foot  of  water 

is  62-4.)  Edinb.  M.A.  1882. 

110.  How  many  units  of  heat  would  cause  a  mixture 
of  ice  and  water  to  contract  by  50  cubic  millimetres,  if 
100  cub.  mm.  of  water  at  0°  C.  become  109  cub.  mm. 
on  freezing  ?  Matric.  1883. 
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111.  Describe  Bunsen's  calorimeter.  If  100  c.c.  of 
water  in  freezing  become  109  c.c.  of  ice,  and  the  intro- 
duction of  20  grammes  of  mercury  at  100°  C,  into  a 
Bunsen's  calorimeter  cause  the  end  of  the  column  of 
mercury  to  move  through  74  mm.  in  a  tube  one  square 
millimetre  in  section,  find  the  specific  heat  of  mercury. 
(The  heat  required   to  melt  one  gramme  of  ice  is  80 

units.)  Matric.  1884. 

112.  A  gramme  of  ice  at  0°  contracts  0-091  c.c.  in 
becoming  water  at  0°.  A  piece  of  metal  weighing  10 
grammes  is  heated  to  50°,  and  then  dropped  into  the 
calorimeter.  The  total  contraction  is  -063  c.c. :  find  the 
specific  heat  of  the  metal,  taking  the  latent  heat  of  ice 

as  80.  Vict.  B.Sc.  1886. 

113.  Explain  the  formation  of  dew  and  hoarfrost. 

How  do  you  account  for  the  fact  that  a  cloud  is  some- 
times formed  by  the  mixture  of  two  quantities  of  air  at 
different  temperatures,  although  neither  quantity  is  quite 
saturated  before  the  admixture  ?  Matric.  1884. 

114.  Explain  the  principles  on  which  the  hygrometric 
state  of  the  atmosphere  is  deduced  from  observations  of 
the  wet  and  dry  bulb  hygrometer,  and  show  how  the 
"  constant "  of  this  instrument  is  experimentally  found. 

Int.  Sc.  Honours  1885. 

116.  Describe  and  discuss  carefully  the  experiments 
you  would  make  to  determine  the  dew-point  and  the 
tension  of  aqueous  vapour  in  the  air. 

Air  from  a  space  saturated  with  moisture  is  drawn 
into  an  aspirator  of  known  volume  through  drying  tubes  : 
show  carefully  how,  by  means  of  this  experiment  and 
tables  of  the  saturating  tension  of  aqueous  vapour,  to 
determine  the  temperature  of  the  space. 

Camb.  Schol.  1883. 

116.  What  is  meant  by  the  statement  that  the  latent 
heat  of  steam  is  537  ? 

One  pound  of  saturated  steam  at  160°  C.  is  blown 
into  19  lbs.  of  water  at  0°  C,  and  the  resulting  tempera- 
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ture  is    32-765°  C. :    find   the   latent   heat  of  steam  at 

160°   C.  Matric.  1883. 

117.  The  specific  heat  of  mercury  is  -03.  A  pound 
of  steam  at  100°  C.  is  made  to  pass  into  a  vessel  con- 
taining 300  lbs.  of  mercury  initially  at  0°  C,  the  capacity 
for  heat  of  the  vessel  being  equal  to  10  lbs,  of  water  : 
what  will  be  the  temperature  of  the  vessel  and  contents 
at  the  end  of  the  experiment  ?  Matric.  1884. 

118.  Distinguish  between  calorimetry  and  thermo- 
metry. 

20  grammes  of  steam  at  100°  C.  are  condensed  in  a 
metal  worm  surrounded  by  200  grammes  of  water  at 
10°  C.  If  the  water  equivalent  of  the  worm  be  10 
grammes,  and  the  latent  heat  of  steam  be  536,  deter- 
mine the  temperature  to  which  the  water  is  raised. 

Matric.  1886. 

119.  I  lb.  of  ice  at  -  10°  C.  is  placed  in  a  closed 
vessel,  and  steam  at  100°  C.  passed  into  it.  It  is  found, 
after  making  the  necessary  corrections,  that  when  the 
ice  is  just  melted  the  resulting  water  weighs  1-134  lbs. ; 
and  that  when  the  temperature  has  risen  to  100°  C,  it 
weighs  1*345  lbs.  The  specific  heat  of  ice  is  -5  :  find 
the  latent  heats  of  water  and  steam.         Camb.  b.a.  1878. 


CHAPTER   V 

CONDUCTIVITY  AND  THERMODYNAMICS. 

Conductivity. — The  thermal  conductivity  (or  coeffi- 
cient of  conductivity)  of  a  substance  is  measured  by  the 
number  of  units  of  heat  which  pass  in  unit  time  across 
unit  area  of  a  plate  whose  thickness  is  unity,  when  its 
opposite  faces  are  kept  at  temperatures  differing  by  one 
degree.  In  the  statement  of  this  definition  it  is  supposed 
that  the  flow  of  heat  has  become  steady^  and  that  the  lines 
of  flow  of  heat  are  perpendicular  to  the  surfaces  of  the  plate. 

The  thermal  conductivity  of  a  substance,  in  the  C.G.S. 
system,  is  measured  by  the  quantity  of  heat  which  flows 
per  second,  under  these  circumstances,  across  one  square 
centimetre  of  a  plate  one  centimetre  in  thickness,  the 
opposite  faces  of  the  plate  being  kept  at  temperatures 
differing  by  i°  C. 

The  quantity  of  heat  (H)  which  flows  in  a  given  time 
across  a  plate  of  given  dimensions  is  inversely  propor- 
tional to  the  thickness  (^)  of  the  plate,  and  is  directly 
proportional  to  the  area  of  its  surface  (^),  to  the  difference 
of  temperature  (^)  between  its  opposite  faces,  and  to  the 
time  /.  If  the  thermal  conductivity  of  the  substance  be 
denoted  by  ^, 

H  =  ..f      ....(.) 

1.  A  large  tank  is  covered  with  a  layer  of  ice  6  cm. 
thick  and  24  square  metres  in  area  :  assuming  that  the 
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coefficient  of  conduction  of  ice  in  C.G.S.  units  is  0-0057, 
determine  the  amount  of  heat  transmitted  per  hour  from 
the  water  up  through  the  ice,  the  upper  surface  of  which 
is  at  the  temperature  of  the  air,  viz.   -10°  C. 

In  order  that  the  answer  may  be  given  in  gramme-degrees 
of  heat,  we  must  express  all  quantities  in  terms  of  the 
corresponding  C.G.S.  units.  Thus  j  =  24  sq.  metres  = 
240,000  sq.  cm.,  and  /  =  6o  minutes  =  3600  seconds. 

Substituting  these  values  in  equation  (i),  we  have 

H  =  0-0057  X  240,000  X  10  X  3600/6 
=  8,208,000  units. 

2.  The  top  of  a  steam  chamber  is  formed  of  a  stone 
slab  6  decimetres  long,  5  decimetres  broad,  and  i  deci- 
metre thick.  Ice  is  piled  upon  the  slab,  and  it  is  found 
that  5  kilogrammes  of  ice  are  melted  in  half  an  hour  : 
what  is  the  thermal  conductivity  of  the  stone  ? 

Since  the  latent  heat  of  fusion  of  ice  is  80,  the  amount  of  heat 
required  to  melt  5  kilogrammes  of  ice  is 

H  =  5  X  1000  X  80  =  400,000  heat-units. 

This  amount  of  heat  is  transmitted  in  1 800  seconds  through 
a  slab  of  60  x  50  =  3000  sq.  cm.  area  and  10  cm.  thickness, 
its  opposite  faces  being  kept  at  0°  and  100°  degrees  respec- 
tively.    Thus 

400,000  =  /'  X  3000  X  100  X  1800/10, 

and  ^  =  4/540  =  0-00741. 

.3.  The  coefficient  of  conduction  of  copper  is  0-96  : 
how  many  heat-units  will  pass  per  minute  across  a  plate 
of  copper  I  metre  long,  i  metre  broad,  and  i  cm.  thick, 
when  its  opposite  faces  are  kept  at  temperatures  differ- 
ing by  1 0°  ? 

4.  The  wall  of  a  cottage  is  2  decimetres  thick,  and  is 
built  of  stone  whose  thermal  conductivity  is  0-008  ;  the 
temperature  inside  the  cottage  is  18°,  while  the  outside 
temperature  is  2°:  how  much  heat  is  lost  by  trans- 
mission per  hour  across  each  square  metre  of  the  wall  ? 
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6.  It  is  found*  that  1-44  x  lo"  heat-units  are  trans- 
mitted per  hour  across  an  iron  plate  2  cm.  thick  and 
500  sq.  cm.  in  area,  when  its  opposite  sides  are  kept  at 
0°  and  1 00°  respectively :  what  is  its  coefficient  of 
conductivity  ? 

6.  An  iron  boiler  is  made  of  plate  o-8  cm.  thick,  and 
its  total  surface  is  8  square  metres :  the  water  inside  is 
at  a  temperature  of  1 20°,  and  the  external  surface  of  the 
boiler  is  at  95°.  Assuming  that  the  thennal  conductivity 
of  the  iron  is  o- 1 64,  find  how  much  heat  is  lost  by  con- 
duction per  hour. 

7.  A  metal  plate,  i  sq.  decimetre  in  area  and  0-5  cm. 
thick,  has  the  whole  of  one  face  covered  with  melting 
ice,  while  the  other  face  is  in  contact  with  boiling  water. 
The  coefficient  of  conductivity  of  the  metal  is  0-14:  how 
many  kilogrammes  of  ice  will  be  melted  in  an  hour  ? 

8.  "  In  a  solid,  heat  may  be  transmitted  from  point 
to  point  in  two  ways,  and  in  a  fluid  in  three  ways."  Dis- 
cuss this  statement,  and  comment  upon  the  following 
facts :  When  a  sheet  of  glass  is  held  in  front  of  a  hot 
stove  it  appears  to  cut  off  the  heat  given  out  by  the 
stove  ;  but  when  the  sun  shines  upon  the  glass  windows 
of  a  greenhouse  the  heat  passes  readily  through  without 
producing  any  considerable  change  in  the  temperature 
of  the  glass  itself.  Explain  carefully  how  it  is  that  the 
air  inside  the  greenhouse  may  in  this  way  become 
hotter  than  the  outside  air. 

9.  An  iron  vessel  containing  a  kilogramme  of  ice  is 
partially  immersed  in  a  tank  of  water  at  15°,  so  that  the 
total  area  of  the  immersed  surface  is  400  sq.  cm.  The 
mean  thickness  of  the  wall  of  the  vessel  is  o-8  cm.,  and 
exactly  one  minute  after  immersion  all  the  ice  is  found 
to  have  melted.  Calculate  from  this  the  thermal  con- 
ductivity of  iron,  and  discuss  the  validity  of  any  assump- 
tions made  in  your  solution. 

10.  Peclet  states  that  the  quantity  of  heat  which 
passes  in  an  hour  through  a  plate  of  lead  i  square  metre 
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in  area  and  i  metre  thick,  with  a  difference  of  i  °  between 
the  temperatures  of  its  surfaces,  is  13-83  kilogramme- 
degrees  :  what  value  does  this  give  for  the  C.G.S.  co- 
efficient of  conductivity  for  lead  ? 

11.  Point  out  the  experimental  difficulties  which  would 
be  met  if  you  attempted  to  carry  out  practically  the  idea 
contained  in  the  definition  of  conductivity  given  on 
p.  137.  Describe  the  principle  and  the  general  results 
of  Forbes's  experiments,  indicating  how  the  calculations 
were  made ;  and  find  the  value  of  the  multiplier  for 
reducing  to  the  C.G.S.  system  coefficients  of  conductivity 
expressed  in  kilogramme-degrees  per  square  metre,  per 
millimetre,  per  second. 


Mechanical  Equivalent  of  Heat. — The  amount 
of  work  which  is  equivalent  to  one  heat-unit  is  called  the 
mechanical  equivalent  of  heat.  Its  value  was  determined 
by  Joule  (whence  it  is  sometimes  called  "  Joule's  equiva- 
lent "),  and  is  denoted  by  the  letter  J. 

Joule  found  that  772  foot-pounds  of  work  were  required 
to  raise  the  temperature  of  a  pound  of  water  through 
one  degree  Fahrenheit ;  the  corresponding  number  in 
terms  of  the  degree  Centigrade  is  772  x  9/5,  or  1389-6. 
Since  i  foot  =  30-48  cm.,  the  mechanical  equiva- 
lent is  1389-6x30-48  =  42355  gramme-centimetres  per 
gramme -degree,  or  about  424  kilogramme -metres  per 
kilogramme-degree  of  heat.i  To  convert  this  into  abso- 
lute measure  we  have  to  multiply  by  ^(  =  981),  which 
gives  42355  X  981,  or  4-155  X  10"  ergs  per  gramme- 
degree. 

More  recent  experiments  have  shown  that  the  number 

1  Observe  that  the  value  of  J  is  not  affected  by  a  change  in  the  unit  of 
mass  employed,  for  it  is  a  ratio  between  an  amount  of  work  and  a  correspond- 
ing amount  of  heat,  and  the  unit  of  mass  is  involved  in  the  same  degree  {i.e. 
to  the  first  power)  in  the  units  of  work  and  heat.  On  this  account  the  usual 
statement  that  the  "  mechanical  equivalent  of  heat  is  1390  foot-pounds "  is 
somewhat  misleading. 
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which  we  have  given  is  somewhat  too  low.  As  the  third 
significant  figure  of  this  important  constant  has  not  been 
determined  with  any  accuracy,  we  shall  adopt  in  our 
calculations  the  approximate  value 

J  =  4-2  X  10^. 

[It  should  be  noticed  that  all  the  above  numbers — 772,  424,  etc. 
— with  the  exception  of  the  last,  give  the  value  of  J  in  gravi- 
tation measure,  and  care  should  be  taken  to  make  the  required 
conversion  into  absolute  measure  (or  vice  versa)  where  it  is 
necessary.  In  working  problems  relating  to  potential  energy, 
or  the  energy  of  bodies  falling  from  a  height,  it  is  convenient 
to  use  gravitation  measure  ;  but  it  is  preferable  to  work  in 
absolute  measure  throughout.] 

The  energy  of  a  body  of  mass  in  moving  with  velocity 
V  is  mv'^JT.  in  dynamical  measure  (pp.  35-38).  The  ther- 
mal equivalent  of  this  is  inv-j^].  Suppose  the  body  to 
meet  an  obstacle  and  to  fall  dead.  Also  let  s  denote  its 
specific  heat,  and  let  us  assume  that  all  the  heat  developed 
by  its  impact  goes  to  raise  its  temperature  through  (say) 
Q".  The  amount  of  heat  required  to  produce  this  rise 
of  temperature  is  msB.     Thus 

and  e  =  v^l2]s. 

Similarly,  if  the  body  be  raised  to  a  height  h  above 
the  ground,  its  potential  energy  is  mgh  ergs,  and  the 
thermal  equivalent  of  this  is  mghj].  If  the  body  falls 
to  the  ground,  and  if  we  suppose  that  all  the  heat  pro- 
duced by  the  arrest  of  its  motion  is  spent  in  warming  it, 
the  rise  of  temperature  produced  will  be 

d  =  g/il]s. 

In  both  cases  the  elevation  of  temperature  is  independ- 
ent of  the  mass  of  the  body. 

12.  A  leaden  bullet  of  specific  heat  0-032  strikes 
against  an  iron  target  with  a  velocity  of  400  metres  per 


142  THERMODYNAMICS  [ch. 

second.  If  the  bullet  falls  dead,  and  the  heat  produced 
is  equally  divided  between  it  and  the  target,  find  its 
temperature,  supposing  it  originally  at  io°. 

If  the  mass  of  the  bullet  be  m,  its  kinetic  energy  is  (40,000)2 
X  w/2,  and  the  equivalent  of  this  in  heat-units  is 

(40,000)2  X  w/2  X  4-2  X  io''  =  8ow/4-2. 

Half  of  this  goes  to  heat  the  bullet.  Suppose  the  rise  of 
temperature  produced  is  6°,  then 

40w/4-2  =  ;//  X  0-032^, 
and  ^  =  40/4-2  X  0-032  =  298. 

Since  the  bullet  was  originally  at  10°,  its  temperature  after 
striking  the  target  is  308°. 

13.  In  obtaining  work  from  an  engine  at  the  rate  of 
20  H.P.,  56  lbs.  of  coal  are  consumed  per  hour:  find 
the  efficiency  of  the  engine,  assuming  that  the  heat  pro- 
duced by  the  combustion  of  i  lb.  of  coal  is  sufficient  to 
convert  i  5  lbs.  of  water  at  1 00°  into  steam  at  the  same 
temperature. 

The  efficiency  of  a  steam  engine  is  the  ratio  between  the  useful 
work  performed  and  the  work  represented  by  the  heat  of 
combustion  of  the  fuel. 

The  work  done  per  minute  by  the  engine  is 

20  X  33,000  =  660,000  ft.  -lbs. 

The  combustion  of  i  lb.  of  coal  produces 

15  X  536  =  8040  thermal  units. 

Since  56  lbs.  of  coal  are  consumed  per  hour,  the  amount  of 
heat  evolved  per  minute  is 

56  X  8040/60=  7504, 

which  is  equivalent  to  7504x1390=10,430,560  ft. -lbs. 
Thus  the  efficiency  of  the  engine  is 

£  =  66000/10430560  =  0-06328 
(or  6-328  per  cent). 

14.  How  much  heat  is  set  free  when  a  body  of  mass 
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100  grammes,   moving  at  the  rate  of  25   metres  per 
second,  is  suddenly  brought  to  rest  ? 

15.  From  what  height  must  a  raindrop  fall  to  the 
ground  in  order  that  its  temperature  may  be  raised 
r  C.  ?     [Take  J  =1390.] 

16.  Find  the  equivalent  in  ergs  of  the  amount  of  heat 
required  to  raise  i  lb.  of  water  through  i  °  C. 

17.  A  block  of  ice  is  dropped  into  a  well  of  water, 
both  ice  and  water  being  at  0°.  From  what  height  must 
the  ice  fall  in  order  that  one-fiftieth  of  it  may  be  melted  .'* 
[Take  J  =  424.] 

18.  Mercury  falls  from  a  height  of  10  metres  upon  a 
perfectly  non-conducting  surface.  How  much  warmer 
will  it  be  after  the  fall  ?     [Sp.  heat  =  0-033.] 

19.  How  many  heat-units  are  required  to  raise  the 
temperature  of  a  kilogramme  of  iron  [sp.  heat  =  0-112] 
through  40°  ?  If  the  equivalent  amount  of  kinetic 
energy  were  imparted  to  it,  what  would  be  its  velocity  ? 

20.  The  heat  of  combustion  of  hydrogen  is  34,460 
calories,  i.e.  i  gramme  of  hydrogen  in  burning  gives  out 
enough  heat  to  raise  the  temperature  of  34,460  grammes 
of  water  through  1°.  Express  in  Watts  (§  3)  the  power 
which  would  be  obtained  if  the  heat  produced  by  the 
combustion  of  50  grammes  of  hydrogen  per  hour  were 
completely  converted  into  work. 

21.  Power  equal  to  100  Watts  is  entirely  converted 
by  friction  into  heat :  how  much  water  can  be  heated 
in  this  manner  through  1°  in  an  hour? 

22.  In  one  of  Rumford's  experiments  on  the  boring 
of  brass  cannon,  the  heat  developed  by  a  horse  work- 
ing for  2!  hours  was  found  to  be  sufficient  to  raise  the 
temperature  of  26-5  lbs.  of  water  from  0°  to  100°.  Cal- 
culate the  number  of  foot-pounds  of  work  done,  and  the 
rate  at  which  the  horse  worked. 

23.  A  cannon-ball  moving  at  the  rate  of  800  feet  per 
second  strikes  against  a  target,  and  the  heat  produced 
is    equally  divided    between   the    target    and   the    ball  : 
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supposing  the  latter  to  be  made  of  iron  of  specific  heat 
O.II2,  prove  that  its  temperature  will  be  raised  by  32°. 

24.  Lead  melts  at  335°,  and  its  latent  heat  of  fusion 
is  5-4.  Taking  its  mean  specific  heat  as  0-032,  calculate 
the  equivalent  (in  ergs)  of  the  amount  of  heat  required 
to  raise  the  temperature  of  10  grammes  of  lead  from  0° 
to  its  melting  point,  and  to  melt  it. 

25.  With  what  velocity  must  a  leaden  bullet,  at  a 
temperature  of  15°,  strike  a  target  in  order  that  the  heat 
produced  may  be  just  sufficient  to  melt  it .'' 

26.  Calculate  the  efficiency  of  a  steam  engine  from 
the  following  details  : — 

Diameter  of  cylinder  .  .  .      16  in. 

Length  of  stroke       .  .  .  .      2  ft.  6  in. 

Number  of  revolutions  per  minute  .      160 

Mean  pressure  on  piston    .  .  .22  lbs.  per  sq.  in. 

Consumption  of  coal  .  .  .1  cwt.  per  hour. 

[Assume   the  data   given  in   Example    13,  and  see   Chap.   L 
Example  128.] 

Work  do7te  itt  Expansion. — Let  a  cylinder  containing 
air  be  closed  by  a  weightless  movable  piston,  and  let  a 
be  the  area  of  the  piston,  and  p  the  pressure  upon  it  per 
unit  of  area :  the  whole  pressure  upon  the  piston  is 
P  =zpa.  Now  let  the  air  expand  and  force  the  piston 
through  a  distance  d  against  this  constant  pressure. 
The  work  done  is  the  product  of  the  force  into  the  dis- 
tance through  which  it  is  overcome,  or 

\N  =  V'd=pa'd. 

But  a  d\s  the  volume  of  the  space  through  which  the 
piston  has  moved,  i.e.  the  change  of  volume  produced 
by  expansion  of  the  air.     Denoting  this  by  dv,  we  have 

W  =p.dv, 

or  the  work  done  in  expansion  is  equal  to  the  pressure 
per  unit  area  multiplied  by  the  increment  of  volume. 
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If  the  work  done  is  to  be  expressed  in  ergs,  the 
pressure  {p)  must  be  measured  in  dynes  per  square 
centimetre,  and  the  change  of  volume  {dv)  in  cubic 
centimetres.  When  the  expansion  is  caused  by  heat, 
and  the  original  volume  and  initial  and  final  temperatures 
are  known,  the  change  of  volume  can  be  calculated  by 
applying  Charles's  law.  If  the  barometric  height  {/i)  be 
given,  the  atmospheric  pressure  in  terms  of  the  above 
units  (see  p.  70)  is 

or,  taking  the  normal  barometric  height  of  76  cm., 
n  =  76x  13-596x981  =  1,013,226. 

To  ^ mi  the  specific  heat  of  air  at  constant  zwltime  when 
its  specific  heat  at  constant  pressure  and  the  mechanical 
equivalent  of  heat  are  kno'W?i. 

Let  m  denote  the  density  of  air  (or  its  mass  per  unit  volume), 
C  its  specific  heat  at  constant  pressure,  and  c  its  specific  heat  at 
constant  volume. 

Suppose  I  c.c.  of  air  taken  at  0°  to  be  heated  to  273°  under 
the  constant  atmospheric  pressure  II.  The  amount  of  heat 
absorbed  is 

H  =  273wC. 

Part  of  this  is  spent  in  doing  external  work  (p.  144),  for 
during  the  process  the  volume  of  the  air  is  doubled  ;  the  change 
of  volume  (dv)  is  l  c.c,  and  the  work  done  during  the  expan- 
sion is  n  ergs.     The  thermal  equivalent  of  this  is 

/;=n/j. 

•  Now  if  the  temperature  of  the  air  had  been  raised  to  273° 
without  allowing  it  to  do  any  external  work  (i.e.  if  it  had  Ijeen 
heated  at  constant  volume),  the  amount  of  heat  absorbed  would 
have  been 

H'  =  273wr, 
and  it  is'clear  that 

H  =  H'  +  //, 

or  H'  =  II-A. 

L 
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Thus  273wr=273;;/C-Il/J, 

and  the  specific  heat  of  air  at  constant  volume  is 
c=C-U/273m]. 

Now  we  have  seen  that  11=1,013,226  (p.  145),  and  J  = 
4-2  X  10''  (pp.  140,  141).  Also  C  =  0-237,  and  w  =  0-001293, 
so  that  the  numerical  value  of  c  is 

0-237  -  1013226/273  X  0-001293  X  4-2  X  io"  =  o-237  -  0-068 
=  0-169. 
The  ratio  between  the  two  specific  heats  is 
7  =  0-237/0-169=1.4. 

27.  In  one  of  Joule's  earlier  experiments  air  was  com- 
pressed, into  a  copper  receiver  standing  in  a  calorimeter, 
the  water  equivalent  of  the  calorimeter  and  its  contents 
being  10,682  gm. ;  the  air  was  then  allowed  to  escape 
slowly,  and  was  found  to  measure  44-6  litres,  the  atmos- 
pheric pressure  being  76-5  cm.  The  cooling  effect  in 
the  calorimeter  was  o°-o97 :  what  value  does  this  give 
for  the  mechanical  equivalent  ? 

The  work  done  (in  ergs)  is 

W  =  Jl'{/v  =  hpg'dv 

=  76-5  X  13-596x981  X  44600  =  4-55  X  ioi<>. 
The  corresponding  amount  of  heat  absorbed  is 

H  =  10682  X  0-097  =  I  -036  X  lo^  heat-units. 
This  gives  for  the  mechanical  equivalent  of  heat 

•J  =  W/H  =  4-55  X  1071-036  =  4-39  X  10''. 

28.  A  receiver  provided  with  a  stop-cock  contains  air 
at  a  pressure  /,  which  is  greater  than  the  atmospheric 
pressure  11 ;  the  temperature  of  the  air  is  the  same  as 
that  of  the  atmosphere,  viz.  /.  The  stop-cock  is  opened, 
and  is  shut  again  as  soon  as  the  air  inside  is  at  the 
atmospheric  pressure  :  when  the  air  has  again  attained 
the  temperature  /  will  its  pressure  be  greater  or  less  than 
n  ?  Assuming  this  pressure  to  be  p\  determine  the 
temperature  at  the  moment  when  the  stop-cock  is  closed, 
and  find  how  much  air  escapes. 
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The  air  escapes  from  the  receiver  until  its  pressure  is  reduced 
to  that  of  the  atmosphere  (11) ;  in  expanding  it  does  work 
against  the  external  pressure  of  the  atmosphere,  and  con- 
sequently it  is  cooled  to  some  temperature  /  lower  than  /. 
At  this  temperature  its  pressure  is  II,  but  when  it  is  again 
at  /,  its  pressure  will  have  increased  to/';  and  if  a  denote 
the  coefficient  of  increase  of  pressure  of  air, 

n:/=l+at'  :  I  +a/, 

and  I  +  a/'  =  II(  I  +  tt/)//, 

or,  if  T'  and  T  are  the  absolute  temperatures  corresponding 
to  /'  and  /, 

T'  =  nT//. 

When  the  pressure  in  the  receiver  is  /'  it  contains  /'/^  of  the 
amount  of  air  contained  when  the  pressure  was  / ;  hence 
iP  ~P')IP  o^  ^^^  original  amount  of  air  escapes. 

29.  A  cubic  metre  of  air  is  heated  under  the  normal 
pressure  until  its  volume  is  doubled :  how  much  of  the 
heat  supplied  to  it  is  converted  into  external  work .? 

30.  In  the  transmission  of  energy  by  means  of  com- 
pressed air,  the  air  is  compressed  by  means  of  a  condens- 
ing pump  until  its  pressure  is  8  atmospheres.  Find  the 
percentage  loss  of  energy  which  should  theoretically 
occur  owing  to  the  cooling  of  the  air  to  its  initial  tem- 
perature. Would  you  expect  the  actual  loss  in  the 
whole  process  of  transmission  to  be  greater  or  less,  and 
why  ? 

31.  Explain  what  is  meant  by  an  indicator  diagram, 
and  draw  (to  any  scale)  the  isothermals  for  a  perfect  gas 
at  0°,  10°,  and  20°.  Show  in  your  figure  the  lines  that 
would  be  traced  if  the  gas  were  heated  {a)  at  constant 
pressure  from  10°  to  20°,  {b)  at  constant  volume  through 
the  same  range  of  temperature.  How  would  you  repre- 
sent on  the  diagram  the  mechanical  equivalents  of  the 
quantities  of  heat  required  for  the  two  operations .'' 

32.  Define  the  critical  temperature  of  a  fluid.  Give 
rough  sketches  showing  the  probable  forms  of  the  iso- 
thermals for  a  body  both  above  and  below  its  critical 


148  THERMODYNAMICS  [ch. 

point ;  and  specify  the  most  important  distinction  be- 
tween the  two  classes  of  isothermals. 

33.  A  gramme  of  air  is  heated  from  o°  to  1 00°  under 
a  pressure  of  76  cm. :  how  much  external  work  is  done 
in  the  expansion  ? 

34.  A  cubic  foot  of  air  is  heated  from  0°  to  273°, 
the  barometric  height  at  the  time  being  30  inches 
(p.  70)  :  how  many  foot-pounds  of  work  are  done  during 
the  expansion  ?  and  what  is  the  heat  equivalent  of  this 
work  ? 

36.  Explain  precisely  what  is  meant  by  the  efficiency 
of  an  engine.  What  do  you  understand  by  a  reversible 
engine,  and  what  are  the  conditions  of  reversibility  in  a 
heat  engine  "i 

Would  you  expect  to  get  more  work  from  i  lb.  of 
water  in  cooling  from  100°  to  0°,  or  from  100  lbs.  of 
water  in  cooling  from  i  °  to  0°,  and  why  t 

36.  The  density  of  air  at  0°  and  76  cm.  is  0-001293; 
its  specific  heat  at  constant  pressure  is  0-237,  and  its 
specific  heat  at  constant  volume  is  0-169.  Calculate 
from  these  data  the  value  of  the  mechanical  equivalent 
of  heat. 

37.  Write  a  short  essay  on  temperature,  starting  from 
the  elementary  ideas  of  "  hot  "  and  "  cold,"  and  criticis- 
ing the  methods  commonly  adopted  for  the  measurement 
of  temperature.  Explain  what  is  generally  meant  by 
absolute  temperature,  and  indicate  the  process  by  which 
it  has  been  rendered  possible  (in  a  stricter  sense)  to 
measure  temperatures  absolutely. 

EXAMINATION    QUESTIONS. 

38.  Define  the  absolute  conductivity  of  a  substance. 
A  metal  plate  \  inch  in  thickness  and  2  feet  square  has 
the  whole  of  one  face  in  contact  with  water  which  is  kept 
boiling,  while  the  other  face  is  in  contact  with  melting 
ice ;  and  it  is  found  that  300  lbs.  of  ice  are  melted  in 
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one  hour.     Find  the  absolute  conductivity  of  the  metal, 
stating  clearly  the  units  you  employ.  Matric.  1879. 

39.  What  is  meant  by  the  statement  that  the  thermal 
conductivity  of  iron  is  •2  C.G.S.  unit?  Given  an  iron 
bar  3  metres  long  and  2-5  cm.  square  in  section,  describe 
fully  the  experiments  necessary  to  determine  its  thermal 
conductivity.  How  would  you  show  that  cold  iron  con- 
ducts better  than  hot  iron  ?  int.  Sc.  Honours  1887. 

40.  The  amount  of  work  which  can  be  derived  from 
the  consumption  of  a  kilogramme  of  coke  is  309  x  1 0^2 
ergs.  Of  the  work  thus  derived  one-twentieth  is  usefully 
employed  in  drawing  trucks  up  a  slope  of  30°:  find  the 
amount  of  coke  required  to  draw  a  weight  of  9400 
megadynes  a  distance  of  1500  metres  along  the  slope 
[i  megadyne  =  10^  dynes].  ind.  c.  S.  1885. 

The  force  acting  along  the  slope  is  9400  x  cos  60°  =  4700 
megadynes.  The  work  done  in  overcoming  this  resistance 
through  1500  metres  is 

4700  X  10^  X  150,000  =  705  X  10^2  ergs. 

Now  the  useful  work  done  per  kilogramme  of  coke  con- 
sumed is 

of  309  X  10I2—  15.45  X  10^2  ergs^ 

hence  the  amount  of  coke  required  is 

705/15-45  =  45-63  kilogrammes. 

41.  What  is  the  mechanical  equivalent  of  heat  ?  An 
engine  consumes  40  lbs.  of  coal  of  such  calorific  power 
that  the  heat  developed  by  the  combustion  of  i  lb.  is 
capable  of  converting  16  lbs.  of  water  at  100°  C.  into 
steam  at  the  same  temperature,  and  during  the  process 
the  engine  performs  16,000,000  foot-pounds  of  work : 
what  percentage  of  the  heat  produced  is  wasted  ? 

Int.  Sc.  1881. 

42.  What  is  a  heat  engine,  and  what  is  a  reversible 
heat  engine  ?     What  condition  must  be  fulfilled  respect- 
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ing  the  passage  of  heat  to  and  from  the  working  sub- 
stance in  order  that  a  heat  engine  may  be  reversible  ? 

What  is  the  efficiency  of  an  engine  which  consmnes 
28  lbs.  of  coal  in  drawing  a  train  one  mile  against  a 
resistance  equal  to  the  weight  of  ij  ton,  the  calorific 
power  of  the  coal  being  such  that  one  pound  is  capable 
of  converting  16  lbs.  of  boiling  water  into  steam  at  the 
same  temperature  ?  int.  Sc.  1882. 

43.  When  temperatures  are  expressed  on  the  Centi- 
grade scale,  the  latent  heat  of  fusion  of  ice  is  represented 
by  80,  and  the  mechanical  equivalent  of  heat  by  423.9 
(metre  grammes).  Express  the  same  quantities  on  the 
Fahrenheit  scale,  and  explain  why  one  is  represented  by 
a  larger  and  the  other  by  a  smaller  number. 

Int.  Sc.  1885. 

44.  A  windmill  works  at  4  horse-power  for  24  hours, 
and  90  per  cent  of  the  work  done  is  stored  up  as  energy. 
Of  this  energy  90  per  cent  is  employed  in  heating  water 
from  12°  C.  to  the  boiling  point.  How  many  pounds 
of  water  will  be  so  heated  .''  B.  Sc.  1881. 

45.  State  the  gaseous  laws,  describing  carefully  the 
experiments  you  would  adopt  to  verify  them. 

The  specific  heat  of  air  at  a  pressure  of  10*^  dynes 
being  -24,  its  specific  gravity  -0012,  and  its  coefficient 
of  expansion  -0036,  find  the  external  work  done  by  the 
application  of  one  unit  of  heat  to  a  c.c.  of  air  in  a 
cylinder  with  a  movable  weightless  piston. 

Camb.  Schoi.  1883. 

46.  Gases  are  generally  said  to  possess  two  specific 
heats.  Is  there  any  reason  for  this  distinction,  and,  if 
so,  what  is  it  ?  A  quantity  of  air  is  heated,  and  by 
diminishing  the  pressure  upon  it,  it  is  allowed  to  expand 
by  one  per  cent  of  its  volume  at  o°  C.  for  every  increase 
of  temperature  of  i°  C.  Show  how  its  specific  heat 
under  these  conditions  may  be  determined,  and  state 
whether  it  is  greater  or   less  than  its  specific  heat  at 

constant  pressure.  int.  Sc.  Honours  1883. 
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47.  How  can  the  amount  of  work  done  against  ex- 
ternal pressure  during  change  of  volume  be  expressed 
numerically  ? 

One  gramme  of  air  is  heated  under  constant  pressure 
from  0°  to  10°  C.  Determine  the  work,  either  in  ergs 
or  in  centimetre-grammes,  due  to  the  expansion. 

[Coefficient  of  expansion  of  air,  ^l-g.  Volume  of  i 
gramme  of  air  at  0°,  under  pressure  of  i  million  dynes 
per  square  centimetre  =  783-8  cubic  centimetres.  Or,  i 
cubic  centimetre  air  at  0°  under  pressure  of  76  cm. 
mercury  =  0-001293  gramme;  i  cubic  centimetre  mer- 
cury at  0°=  13.596  grammes.;  g  =  98i  (centim.,  sec- 
onds)]. Int.  Sc.  1884. 

48.  Calculate  the  mechanical  equivalent  of  heat  from 
the  following  data  for  oxygen  : — 

Coefficient  of  expansion,  1/273. 

Mass  of  a  litre  at  0°  and  760  mm.,  1-43  gm. 

Specific  heat  for  constant  pressure  referred  to  an  equal  mass 

of  water,  •  22. 
Ratio  of  the  specific  heat  at  constant  pressure  to  the  specific 

heat  at  constant  volume,  1-4/1. 
Specific  gravity  of  mercury,  13-6. 

Balliol  Coll.  18S2. 


CHAPTER   VI 
LIGHT 

1.  If  the  light  of  the  full  moon  is  found  to  produce  the 
same  degree  of  illumination  as  a  standard  candle  does 
at  a  distance  of  4  ft.,  what  is  the  equivalent  in  candle- 
power  of  the  moon's  light  ?  (Take  the  distance  of  the 
moon  as  240,000  miles.) 

Let  E  denote  the  equivalent  in  candle-power.  The  degree 
of  illumination  is  inversely  proportional  to  the  square  of 
the  distance,  and  since  the  illuminating  power  of  the  candle 
is  taken  as  unity, 

E/(240,ooo  X  1760  X  3)2=  1/42, 

. •.  E  =  (240,000  X  1760  X  3/4)2, 

=  10,036,224  X  10^''. 

2.  A  standard  candle  and  a  gas-flame  are  placed  6  ft. 
apart,   the   gas-flame  being  of  4   candle-power :   where 


A-^---,-  "Y 


Fig.  2. 

must  a  screen  be  placed,  on  the  line  joining  the  candle 
and  gas-flame,  so  that  it  may  be  equally  illuminated  by 
each  of  them  ? 

Let  X  denote  the  distance  of  the  screen  from  the  candle ;  its 
distance    from  the  gas-flame  will  then  be  6  -  x.       If  the 
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screen  is  to  receive  equal  illumination  from  each  of  the 
sources  of  light  we  must  have 

1/^2  =  4/(6-^)2, 
i.e.  6  -  x=dt2x. 
and  .*.  x=  +2  or  -  6. 

Corresponding  to  these  two  values  of  x  there  are  two  positions 
(Pj  and  Pg)  of  the  screen  which  satisfy  the  conditions 
of  the  problem.  The  first,  Pj,  is  2  ft.  to  the  ?7o7//  of  the 
candle,  i.e.  between  the  J  candle  and  the  gas-flame  ;  the 
second,  Pg,  is  6  ft.  to  the  /ef(  of  the  candle. 

Both  solutions  can  easily  be  verified. 

3.  In  determining  the  illuminating  power  of  a  gas- 
flame  by  Bunsen's  photometer,  the  distance  from  the  gas- 
flame  to  the  grease  spot  was  84  cm.,  and  from  this  to 
the  standard  candle  40  cm.:  what  was  the  candle-power 
of  the  gas-flame  ? 

4.  A  candle  is  placed  at  a  distance  of  i  ft.  from  one 
side  of  a  card-board  screen,  and  a  lamp  of  9  candle- 
power  is  placed  at  a  distance  of  12  ft.  on  the  other  side. 
Compare  the  illumination  on  the  two  sides  of  the  screen. 

5.  A  Carcel  lamp  of  9  candle-power  is  placed  at  a 
distance  of  4  yards  from  a  standard  candle  :  determine, 
as  in  Example  2,  the  two  positions  in  which  a  screen 
may  be  placed  so  as  to  receive  equal  amounts  of  light 
from  the  lamp  and  the  candle. 

6.  What  do  you  understand  by  the  terms  "real  image," 
*'  virtual  image  "  ?  Draw  a  figure  showing  how  an  image 
is  formed  in  a  plane  mirror,  and  prove  that  the  object 
and  its  image  are  equally  distant  from  the  mirror. 

7.  A  candle  is  placed  in  any  position  between  two 
plane  mirrors  at  right  angles ;  show  that  its  two  secondary 
images  (produced  by  reflection  from  both  mirrors)  will 
exactly  coincide. 

8.  A  luminous  object  is  placed  between  two  plane 
mirrors  inclined  at  60°:  find  the  number  of  images,  and 
show  that  they  all  lie  on  a  circle. 

9.  An  object  is  placed  between  two  mirrors  inclined 
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at  45° :  show  by  a  figure  how  an  observer  could  see  an 
image  after  four  successive  reflections. 

10.  A  candle  is  placed  between  two  parallel  mirrors  ; 
draw  a  sketch  showing  the  path  of  a  ray  of  light  which 
proceeds  from  the  candle,  and,  after  undergoing  two 
reflections  at  one  mirror,  and  three  at  the  other,  enters 
the  eye  of  an  observer  looking  toward  the  mirrors. 

11.  Two  plane  mirrors,  A  and  B,  are  placed  vertically 
upon  a  horizontal  table.  A  ray  of  light  PB  falls  upon 
the  mirror  B,  and  is  reflected  to  the  mirror  A  ;  show- 
that  the  ray  AO  reflected  from  the  latter  makes  with 
PB  an  angle  which  is  double  of  the  angle  between  the 
mirrors. 

12.  If  the  mirrors  of  a  kaleidoscope  are  placed  at  an 
angle  of  45°,  how  many  images  will  there  be  of  an 
object  (i)  placed  close  to  one  of  the  mirrors,  (2)  placed 
midway  between  the  mirrors  ? 

13.  AB  and  AC  are  two  plane  mirrors  inclined  at  an 
angle  of  15°,  and  P  is  a  point  in  AB.  At  what  angle 
must  a  ray  of  light  from  P  be  incident  upon  AC,  in  order 
that  after  three  reflections  it  may  be  parallel  to  AB  ? 

14.  An  object  is  placed  in  front  of  a  convex  spherical 
mirror  :  find  by  a  geometrical  construction  the  position 
and  nature  of  the  image  ;  and  show  that  the  sizes  of 
image  and  object  are  as  their  distances  from  the  centre 
of  the  mirror. 

15.  Assuming  that  in  the  case  of  a  spherical  mirror  the 
sizes  of  image  and  object  are  proportional  to  their  dist- 
ances from  the  centre  of  the  mirror,  show  that  they  are 
also  proportional  to  their  distances  from  the  mirror  itself. 

16.  An  object  is  placed  at  a  distance  p  from  a  con- 
cave mirror  of  focal  length/:  prove  that  the  image  is 
formed  at  a  distance  /',  which  is  given  by  the  equation. 

Rules  for  Optical  Calculations. — In  order  to  avoid  c(fti- 
fusion  as  to  plus  and  minus  signs,  or  positive  and  nega- 
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tive  focal  distances,  beginners  will  find  it  well  to  follow 
strictly  some  such  rules  as  the  following,  and  to  employ 
the  equations  for  conjugate  positions  always  in  the  same 
form. 

L  All  distances  are  to  be  reckoned  from  the  mirror 
or  lens  :  if  measured  towards  the  right  hand  they  are  to 
be  considered  positive  ;  if  towards  the  left  handnegative. 
It  is  convenient  to  suppose  that  the  luminous  object,  or 
source  of  light,  is  always  placed  on  the  right  hand  of  the 
mirror  or  lens  :  its  distance  will  thus  always  be  positive. 

II.  The  formula 

III  ,  , 

7=7V    ••••(■) 

holds  good  for  all  mirrors,  both  concave  and  convex,  / 
denoting  the  focal  length,  p  the  distance  of  the  object, 
and  p'  the  distance  of  the  image,  reckoned  from  the 
mirror  itself. 

For  all  lenses,  convex  and  concave,  the  equation  for 
conjugate  points  is 

7  =  ^-7     ....     (2) 
J     P      P 

the  letters  denoting  the  same  quantities  as  before,  and 
being  always  supposed  to  carry  their  own  signs. 

III.  The  focal  length  of  a  concave  mirror  is  positive  ; 
of  a  convex  mirror  negative.  The  focal  length  of  a  convex 
(convergent)  lens  is  negative  ;  of  a  concave  (divergent) 
lens  positive,  />., 

f     r  concave  mirrors  1    j..  .^.      ,  ,  . 

for  {  ,  >  /  >s  positive  (  +  ), 

( concave  lenses    J  -^       ^  ^     n 

c     ("convex  mirrors  "I    ^.  ,.•      1     \ 

for-!  ,  !-  / IS  negative  (  -  ). 

1.  convex  lenses     )  •'  ° 

When  any  two  of  the  three  quantities'^  /,  and/'  are 
given,  the  third  can  be  found  by  means  of  equation 
(i)  or  (2).  If/ and /^  are  given,  the  numerical  value  of 
p'  indicates  the  distance  from  the  mirror  or  lens  at 
which  the  image  is  formed  :  if  /'  is  positive,  the  image 
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is  on  the  same  side  as  the  object  (towards  the  right 
hand);  but  if  it  carries  the  minus  sign,  the  image  is 
formed  on  the  opposite  side,  i.e.  on  the  left  hand  of  the 
mirror  or  lens.  When  the  distances  of  object  and  image 
{p  and  p')  are  given,  the  nature  of  the  mirror  or  lens  is 
indicated  by  the  sign  of  f\  thus  the  mirror  or  lens  is 
concave  if/ is  positive,  and  is  convex  if/ is  negative. 

17.  An  object  is  placed  at  a  distance  of  lo  cm.  in 
front  of  a  convex  mirror  of  30  cm.  focal  length  ;  where 
will  the  image  be  formed  t 

Here  /=io,  and  /=  -  30'  Substituting  these  values  in 
equation  (i)  we  have 

-1/30=1/10+1//, 
or  i//  =  -  1/30  -  i/io  =r  -  4/30, 

and.*./'=  -7*5;  i.e.   the  image  is  fonned  7-5  cm.  he- 
hind  the  mirror. 

18.  A  real  image  produced  by  a  concave  mirror  is 
found  to  be  three  times  the  size  ^  of  the  object :  if  the 
mirror  is  one  foot  from  the  object,  what  is  its  focal 
length  1 

Since  the  image  is  three  times  the  size  of  the  object,  its  dis- 
tance from  the  mirror  must  be  three  times  that  of  the  ob- 
ject;  i.e.  p'  =  zp=Z  ft. 

Thus  i//=  I  +  1/3  =  4/3.  and/=|  ft.  =9  inches. 

[It  should  be  noticed  that  when  the  sizes  of  the  image  (I)  and 
object  (O)  are  given,  the  relation 

1:0=/:/ 

only  gives  the  numerical  value  of  /;  so  that  in  this  ex- 
ample if  the  image  had  been  virtual  we  should  have  had 
/=-3.] 

19.  A  luminous  point  is  24  cm.  in  front  of  a  concave 
mirror   of  6    cm.    focal    length :    where    is    the    image 

1  When  not  otherwise  stated,  it  may  be  assumed  that  the 
word  *'  size  "  refers  to  linear  dimensions. 
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formed  ?  If  the  point  moves  through  a  small  distance  d 
away  from  the  mirror,  through  what  distance  will  the 
image  move  ? 

(i.)  The  value  of/'  is  given  by  the  equation 

1/6=1/24+1//, 

from  which  we  have  /'  =  8.     The  image  is  therefore  formed 
8  cm,  in  front  of  the  mirror. 
(2.)  The  new  value  of/  is  24  +  ^/,  and  the  corresponding 
value  of/'  is  given  by 

1/6=1/(24  +  ^0+1//, 
.•./  =  6(24  +  aO/(i8  +  </). 

This  is  less  than  8,  and  the  distance  through  which  the  image 
moves  is 

8  -  6(24  +  ^/)/(i8  +  ^/)  =  2^7(18  +  d). 

20.  You  are  required  to  throw  upon  a  wall  an  image 
of  a  gas-flame  which  stands  8  ft.  from  the  wall,  and  the 
image  is  to  be  three  times  the  size  of  the  flame :  what  sort 
of  mirror  would  you  choose,  and  where  would  you  hold  it.-* 

Suppose  the  mirror  to  be  placed  x  feet  from  the  object  on 
the  side  farther  from  the  wall ;  it  will  then  be  (8  +  x)  ft. 
from  the  wall,  and,  since  the  image  is  to  be  three  times  the 
size  of  the  object,  we  must  have/ =  3/,  or 

8  +  jr  =  3  X  jr,  and  . '.  jf  =  4. 

Thus  /  =  4,/  =  8  +  4=i2, 

and  !//■=  1/4+ 1/12=  1/3. 

The  mirror  required  is  a  concave  mirror  of  3  ft.  focal  length, 
and  it  must  be  held  4  ft.  from  the  object. 

21.  A  candle-flame  i  in.  long  is  18  in.  in  front  of  a 
concave  mirror  whose  focal  length  is  15  in.:  find  the 
position  and  size  of  the  image. 

22.  Prove  that  when  an  object  is  placed  midway 
between  a  concave  mirror  and  its  principal  focus,  the 
image  is  twice  as  large  as  the  object.  What  is  the  nature 
of  the  imao^e  "*. 
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23.  A  luminous  point  is  60  cm.  in  front  of  a  mirror, 
and  its  image  is  found  to  be  20  cm.  from  the  mirror,  and 
on  the  same  side :  find  the  nature  and  focal  length  of 
the  mirror. 

24.  A  gas-jet  is  placed  on  the  principal  axis  of  a 
spherical  mirror  and  i  ft.  in  front  of  it.  A  real  and  in- 
verted image  is  produced  on  a  screen  held  in  front  of 
the  mirror,  but  at  a  greater  distance  than  the  candle. 
If  the  image  is  twice  as  long  as  the  flame,  what  is  the 
focal  length  of  the  mirror  ? 

25.  An  object  is  placed  5  in.  from  a  concave  mirror 
of  6  in.  focal  length :  where  is  the  image  produced,  and 
what  is  the  magnification  ? 

26.  It  is  desired  to  throw  upon  a  wall  an  image  of 
an  object  magnified  twelve  times,  the  object  being  1 1  ft. 
from  the  wall :  find  the  focal  length  of  a  concave  minor 
that  may  be  used  for  the  purpose,  and  state  where  it 
must  be  placed. 

27.  An  object  i  inch  in  length  is  held  6  in.  in  front 
of  a  convex  mirror  whose  radius  of  curvature  is  2  ft.  : 
find  the  nature,  position,  and  magnitude  of  the  image. 

Where  will  the  image  be  produced  when  the  object  is 
held  2  ft.  in  front  of  the  same  mirror,  and  what  will  be 
its  size  ? 

28.  An  image  produced  by  a  concave  mirror  is  found 
to  be  twice  the  size  of  the  object :  if  the  focal  length  of 
the  mirror  is  i  ft.,  where  are  the  object  and  image  situ- 
ated ?  What  would  be  the  relation  between  the  sizes  if 
their  positions  were  reversed  ? 

29.  Prove  that  when  an  object  is  at  a  distance  2//3 
from  a  concave  mirror  of  focal  length  /,  the  image 
produced  is  erect  and  virtual,  and  magnified  three 
times. 

30.  An  object  is  placed  at  a  distance  3//2  in  front  of 
a  concave  mirror  of  focal  length/:  what  is  the  size  of 
the  image .''  Is  there  any  other  position  of  the  object 
which  will  produce  the  same  degree  of  magnification  ? 
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31.  At  what  distance  from  a  concave  mirror  (of  focal 
length/)  must  an  object  be  situated  in  order  that  the 
image  may  be  half  the  size  of  the  object  ? 

32.  An  object  is  held  in  front  of  a  convex  mirror  at 
a  distance  equal  to  its  focal  length  :  what  is  the  size  of 
the  image  ? 

33.  An  image  produced  by  a  convex  mirror  is  i/«th 
the  size  of  the  object :  prove  that  the  latter  must  be  at  a 
distance  (;/  -  i )/  from  the  mirror. 

34.  Enunciate  the  laws  of  refraction  of  light,  and  ex- 
plain what  is  meant  by  the  index  of  refraction  of  a 
substance. 

36.  A  ray  of  light  is  incident  upon  the  surface  of  still 
water,  and  the  index  of  refraction  for  air  and  water  is  J. 
Show  how  the  path  of  the  ray  in  water  can  be  found 
when  its  path  in  air  is  known  :  and  discuss  any  special 
cases  which  may  occur  when  the  direction  of  the  ray  is 
reversed,  i.e.  when  it  travels  upwards  towards  the  sur- 
face of  the  water. 

36.  Describe  an  experiment  to  show  total  internal 
reflection,  and  point  out  the  conditions  under  which  it 
occurs.      What  is  the  critical  angle  for  two  media  ? 

37.  Given  the  indices  of  refraction  from  a  medium  A 
to  another  B,  and  from  B  to  a  third  C  :  show  how  to 
determine  the  index  of  refraction  from  A  to  C. 

38.  The  refractive  index  for  air  and  water  is  4/3,  and 
for  air  and  glass  3/2  :  find  the  index  from  glass  to  water 
and  from  water  to  air. 

39.  A  ray  of  light  passes  from  one  medium  into  a 
second,  the  angle  of  incidence  being  60°  and  the  angle 
of  refraction  30°:  show  that  the  index  of  refraction  is 

v'i. 

40.  Find  the  index  of  refraction  when  the  angles  of 
incidence  and  refraction  are  45°  and  30°  respectively. 

41.  The  critical  angle  for  a  certain  medium  is  45°: 
what  is  its  refractive  index  '^. 
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42.  A  microscope  is  placed  vertically  above  a  short 
glass  tube  cemented  to  a  flat  piece  of  glass  (so  as  to  form 
a  tube  open  at  the  top),  and  is  focussed  upon  a  mark  on 
the  glass  slip.  A  layer  of  liquid  of  depth  //  is  poured 
into  the  tube,  and  it  is  now  found  that  the  image  of  the 
mark  is  displaced  through  a  distance  d  which  is  deter- 
mined by  refocussing  the  microscope.  Prove  that  the 
refractive  index  of  the  liquid  is  />t  =  hjiji  -  d). 

43.  In  an  experiment  made  by  the  above  method 
water  was  poured  into  a  depth  of  4-6  cm.,  and  the 
resulting  displacement  of  the  image  was  1-15  cm.  Cal- 
culate the  refractive  index  of  water. 

44.  Calculate  the  refractive  index  of  a  glass  prism  for 
sodium  light  from  the  following  observations  : — 

Refracting  angle  of  prism    .  .         .     45°  4'. 

Minimum  deviation     ....      26°  40' 

It  can  be  shown  that  when  a  ray  of  light  passes  through  a 
prism  of  angle  A  placed  in  the  position  of  minimum  devia- 
tion, the  index  of  refraction  of  the  prism  is  given  by 


.    A+D / .    A 

IX  =  sm /  sm  — , 


'/• 


where  D  is  the  angle  of  deviation. 
Here  A  =  45°  4' 

D  =  26°  40'    j 

A-fD  =  7i°  44' 

and  (A  +  D)/2  =  35°  52'. 

From  the  table  of  natural  sines  we  find  that 

sin  35°  =  0-574,  and  sin  36°  =  0-588, 

Assuming  that  the  rate  of  change  of  the  sine  is  proportional 
to  that  of  the  angle  within  these  limits,  we  have 

sin  35°  52' =  0-586  approximately. 

In  the  same  way  we  obtain  0-384  as  the  approximate  value 
of  sin  22°  32'.     Thus 

/t  =  0-586/0. 384  =1-526. 
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45.  Find  the  refractive  index  of  the  same  prism  for 
lithium  light,  the  minimum  deviation  produced  being 
26°  30'.  * 

46.  The  minimum  deviation  produced  by  a  hollow 
prism  filled  with  a  certain  liquid  is  30°:  if  the  refracting 
angle  of  the  prism  is  60°,  what  is  the  index  of  refraction 
of  the  liquid  ? 

47.  A  prism  is  to  be  made  of  crown  glass,  the  refrac- 
tive index  of  which  is  known  to  be  1-526,  and  it  is 
required  to  produce  a  minimum  deviation  of  17°  20':  to 
what  angle  must  it  be  ground  ? 

48.  A  ray  of  light  is  incident  almost  perpendicularly 
upon  a  prism  of  angle  a  and  refractive  index  /a  :  show 
that  if  tt  is  small  the  deviation  is  given  by 

5  =  (fjL- l)a. 

49.  The  refractive  index  of  rock-salt  is  1-54:  what 
deviation  would  be  produced  by  a  rock-salt  prism  of 
1°  30'  angle  ?  and  what  should  be  the  angle  of  a  rock- 
salt  prism  which  is  required  to  produce  a  deviation  of 
48'? 

50.  Taking  the  usual  values  for  the  refractive  indices 
of  water  and  glass,  prove  that  the  deviations  produced 
by  thin  prisms  of  water  and  glass  are  one-third  and 
one-half  of  the  angles  of  the  prisms  respectively. 

JVo^e. — The  refractive  index  for  water  and  air  is  4/3  (1-3),  and 
for  glass  and  air  3/2  (or  i  •  5). 

61.  Find  the  angle  of  a  water  prism  which  will  pro- 
duce the  same  deviation  as  that  given  by  a  glass  prism 
of  2°  angle. 

52.  In  order  to  determine  the  refractive  index  of  a 
double  convex  lens,  its  focal  length  and  the  radii  of  curva- 
ture of  its  faces  were  measured,  and  were  found  to  be 

/=30-6  cm.,  rj  =  30-4  cm.,  r2  =  34-5"cm. 

What  was  the  index  of  refraction  of  the  glass  ? 
M 
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It  can  be  proved  ^  that  the  focal  length  of  a  lens,  in  terms  of 
its  refractive  index  and  the  radii  of  curvature  of  its  surfaces, 
is  given  by  the  formula  !//"=  (/*  -  i)(i/rj  -  ijr^. 

In  applying  this  we  must  remember  that  the  radius  of  curva- 
ture of  the  first  surface  is  negative,  or  r^=  -30-4;  and 
since  the  lens  is  convex,  its  focal  length  is  also  negative. 

Thus      -  1/30.6  =  (At-  I) (-  1/30-4-  1/34-5). 
or  A*-  I  =  30-4  X  34-5/30-6  X  64-9  =  0.528, 

and  .*./*=  1-528. 

63.  Taking  the  usual  values  for  the  refractive  indices 
of  water  and  glass,  prove  that  the  focal  length  of  a  glass 
lens  when  immersed  in  water  is  four  times  its  focal 
length  in  air. 

54.  Prove  that  the  focal  length  of  a  plano-concave 
glass  lens  is  equal  to  twice  the  radius  of  the  concave 
surface. 

55.  A  double  convex  lens  is  to  be  made  of  glass  of 
refractive  index  1.5,  and  the  radius  of  curvature  of  one 
of  its  faces  is  20  cm.  If  the  lens  is  to  have  a  focal 
length  of  30  cm.,  what  must  be  the  radius  of  curvature 
of  the  other  face  ? 

5Q.  The  radii  of  curvature  of  the  two  faces  of  an  equi- 
convex  lens  are  each  equal  to  46-5  cm.,  and  it  is  made 
of  glass  of  refractive  index  1-532:  show  that  its  focal 
length  is  43.7  cm. 

67.  Explain  what  is  meant  by  the  optical  centre  of  a 
lens,  and  prove  that  the  optical  centre  of  a  plano-convex 
or  plano-concave  lens  lies  on  the  curved  surface. 

68.  A  candle  stands  at  a  distance  of  3  ft.  from  a 
wall :  in  what  position  must  a  convex  lens  of  8  in.  focal 
length  be  placed  between  them  so  as  to  produce  upon 
the  wall  a  distinct  image  of  the  candle .'' 

Let  p  denote  the  distance  (in  inches)  of  the  candle  from  the 
lens ;  then  36  -/  will  be  the  distance  of  the  screen  from 

1  Al<Jis,  Geometrical  Optics,  Art.  67, 


VI]  LENSES  163 

the  lens  irrespective  of  sign.  Remembering  that  p'  is 
negative,  we  have  /'  =p  -  36,  and  now  substituting  in 
equation  2  (p.  155)  we  have 

-  1/8  =!/(/- 36) -i/A 
.*.  /2_  36/ =  8/ -8/ -288, 
or  /2  _  36^  +  288  =  o. 

This  may  be  written  in  the  form 

(/-24)(/-I2)=0, 

and  .  • .  /  =  24  or  12. 

A  distinct  image  will  therefore  be  produced  when  the  candle 
is  placed  either  i  ft.  or  2  ft.  from  the  lens. 

59.  If  an  object  at  a  distance  of  3  in.  from  a  convex 
lens  has  its  image  magnified  three  times,  what  is  the 
focal  length  of  the  lens  1 

There  are  two  solutions  to  this  problem,  for  the  image  may 
be  either  real  or  virtual.  In  the  first  case  it  is  formed  on 
the  other  side  of  the  lens ;  in  the  second  case  on  the  same 
side  as  the  object. 

In  both  cases,  since  the  image  is  three  times  as  large  as  the 
object,  its  distance  from  the  lens  must  be  three  times  that 
of  the  object ;  but  this  only  gives  us  the  numerical  value 
of/'  in  terms  of/;. 

(i)  Image  real — 

/'  is  negative  and  =  -  3/  or  -  9  in. 

Thus  i//=i//-i/A 

=  -  1/9  -  1/3  =  -  4/9, 
and  the  focal  length  of  the  lens  is  -  2  j  inches. 
(2)  Image  virtual — 

p'  is  positive  and  =  3/=  +9  in. 
i//=i/9-i/3=-2/9, 
so  that  the  focal  length  in  this  case  is  -  4^  inches. 

60.  Explain  the  difference  between  real  and  virtual 
images,  and  give  examples  of  each.  If  you  had  a  con- 
vergent lens  of  I  ft.  focal  length,  where  would  you  place 
an  object  so  as  to  produce  by  means  of  the  lens  (i)  a 
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real  and  diminished  image,  (2)  an  erect  and  virtual 
image  ?  Give  sketches  showing  how  the  image  is  pro- 
duced in  each  case. 

61.  Rays  of  light  diverging  from  a  point  6  in.  before 
a  lens  are  brought  to  a  focus  1 8  in.  behind  it :  what  is 
the  focal  length  of  the  lens  ? 

62.  An  object  is  placed  at  a  distance  of  60  cm.  from 
a  convex  lens  of  i  5  cm.  focal  length  :  where  is  the  image 
formed  ?     Compare  its  size  with  that  of  the  object. 

63.  An  object  whose  length  is  5  cm.  is  placed  at  a 
distance  of  1 2  cm.  from  a  convex  lens  of  8  cm.  focal 
length  :  what  is  the  length  of  the  image  ? 

64.  A  candle  is  placed  at  a  distance  of  10  ft.  from  a 
wall,  and  it  is  found  that  when  a  convex  lens  is  held 
midway  between  the  candle  and  the  wall  a  distinct 
image  is  produced  upon  the  latter.  Find  the  focal 
length  of  the  lens  and  the  relative  sizes  of  the  object  and 
image. 

65.  A  coin  half  an  inch  in  diameter  is  held  on  the 
axis  of  a  convergent  lens,  and  i  ft.  in  front  of  it :  if 
the  focal  length  of  the  lens  is  8  in.,  find  the  position  and 
magnitude  of  the  image. 

6Q.  Draw  figures,  approximately  to  scale,  showing 
the  paths  of  the  rays  of  light,  and  the  positions  of  the 
images  formed  when  a  luminous  object  is  placed  at  a 
distance  of  (i)  i  inch,  (2)  6  inches  from  a  convergent 
lens  of  2  in.  focal  length. 

67.  An  object  is  placed  8  in.  from  a  convex  lens,  and 
its  image  is  formed  24  in.  from  the  lens  on  the  other 
side.  If  the  object  were  placed  4  in.  from  the  lens, 
where  would  the  image  be  ? 

68.  The  distance  of  an  object  from  a  convergent  lens 
is  double  the  focal  length  of  the  lens  :  prove  that  the 
image  and  object  are  of  the  same  size. 

69.  A  candle  stands  at  a  distance  of  2  metres  from  a 
wall,  and  it  is  found  that  when  a  lens  is  held  half  a  metre 
from  the  candle  a  distinct  image  is  produced  upon  the 
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wall :  find  the  focal  length  of  the  lens,  and  also  state  the 
relative  sizes  of  image  and  object. 

70.  A  lens  of  9  in.  focal  length  is  to  be  used  for  the 
purpose  of  producing  an  inverted  image  of  an  object 
magnified  three  times  :  where  must  each  be  situated  } 

71.  A  convex  lens  is  held  5  ft.  in  front  of  a  wall,  and 
it  is  found  that  there  is  one  position  in  which  an  object 
can  be  held  in  front  of  the  lens  such  that  an  inverted 
image  six  times  as  large  as  it  is  thrown  upon  the  wall. 
Determine  this  position,  and  also  find  the  focal  length  of 
the  lens. 

72.  At  what  distance  from  a  convex  lens  must  an 
object  be  placed  so  that  the  image  may"  be  half  the  size 
of  the  object .'' 

73.  You  are  provided  with  a  convex  lens  of  18  in. 
focal  length,  and  are  required  to  place  an  object  in  such 
a  position  that  its  image  will  be  magnified  three  times  : 
find  the  positions  which  will  give  (i)  a  real,  and  (2)  a 
virtual  image  of  the  required  size. 

74.  In  order  to  find  the  focal  length  of  a  concave 
lens,  it  was  blackened,  with  the  exception  of  a  circle  4 
cm.  in  diameter  at  its  centre.  A  beam  of  sunlight  was 
allowed  to  pass  through  this,  when  it  was  found  that  an 
illuminated  circle  of  20  cm.  diameter  was  formed  on  a 
screen  held  64  cm.  behind  the  lens  and  parallel  to  it. 
What  was  the  focal  length  of  the  lens  ? 

75.  A  convex  lens  produces  a  real  image  n  times  as 
large  as  the  object :  prove  that  the  latter  must  be  at  a 
distance  {n  +  i  Yj^  irom.  the  lens. 

76.  A  glass  scale,  4  cm.  long,  was  held  in  front  of  a 
convergent  lens,  and  on  holding  a  screen  90  cm.  behind 
the  lens,  an  image  of  the  scale,  20  cm.  in  length,  was 
produced  upon  the  screen  :  prove  that  the  lens  had  a 
focal  length  of  1 5  cm. 

77.  Show  how  to  find  the  focal  length  (F)  of  a  com- 
bination  obtained   by  placing  two   thin  lenses  of  focal 
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lengths /j  and/2  in  contact.      Prove  that  for  any  number 
of  such  lenses  placed  in  contact  i/F  =  2(i//). 

78.  What  is  the  focal  length  of  a  lens  which  is 
equivalent  to  two  thin  convergent  lenses  of  focal  lengths 
1 5  cm.  and  30  cm.  placed  in  contact  ? 

79.  A  concave  lens  of  8  cm.  focal  length  is  combined 
with  a  convex  lens  of  6  cm.  focal  length  :  what  is  the 
focal  length  of  the  combination  ? 

80.  A  convex  lens  of  focal  length  16  cm.  was  placed 
in  contact  with  a  concave  lens,  and  the  focal  length  of 
the  combination  was  found  to  be  48  cm.  Calculate  the 
focal  length  of  the  concave  lens. 

81.  A  candle  is  held  i  foot  in  front  of  a  convex 
lens,  and  a  distinct  image  of  the  flame  is  formed  on  a 
screen  placed  4  inches  behind  it.  A  concave  lens  is 
now  placed  in  contact  with  it,  and  it  is  found  that  the 
screen  has  to  be  moved  8  inches  farther  off  in  order  to 
receive  the  image.  What  is  the  focal  length  of  the  con- 
cave lens  ? 

82.  Explain  the  action  of  a  condensing  lens  when 
used  as  a  magnifying  glass.  Give  a  sketch  showing  how 
the  image  is  produced,  and  prove  that  the  magnifying 
power  is  approximately  equal  to  A//,  where  A  is  the 
distance  of  most  distinct  vision. 

83.  Describe  the  action  of  the  eye,  considered  as  an 
optical  instrument,  and  explain  the  causes  of  abnormal 
vision.  Will  the  magnifying  effect  of  a  given  reading- 
lens  be  greater  when  used  by  a  long-sighted  or  a  short- 
sighted person  ? 

84.  A  person  whose  distance  of  most  distinct  vision 
is  20  cm.  uses  a  lens  of  5  cm.  focal  length  as  a  reading- 
glass  :  at  what  distance  from  a  book  must  he  hold  it  ? 
Also  what  will  be  its  magnifying  power  ? 

85.  A  long-sighted  person  can  only  see  distinctly 
objects  which  are  at  a  distance  of  48  cm.  or  more  :  by 
how  much  will  he  increase  his  range  of  distinct  vision  if 
he  uses  convex  spectacles  of  32  cm.  focal  length  ? 
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86.  A  short-sighted  man  can  read  printed  matter 
distinctly  when  it  is  held  at  1 5  cm.  from  his  eyes : 
find  the  focal  length  of  the  glasses  which  he  must  use 
if  he  wishes  to  read  with  ease  a  book  at  a  distance  of 
60  cm. 

87.  A  convex  lens  produces  an  image  of  a  candle- 
flame  upon  a  screen  whose  distance  from  the  candle  is 
/ ;  the  lens  is  displaced  through  a  distance  d^  when  it  is 
found  that  a  distinct  image  is  again  produced  upon  the 
screen.      Show  that    the  focal   length    of  the    lens    is 

88.  Prove  that  the  size  of  the  object  in  the  last 
question  is  a  geometrical  mean  between  the  sizes  of  the 
two  images  produced. 

89.  In  an  experiment  made  according  to  the  method 
of  Ex.  82,  the  distance  between  the  candle  and  screen 
was  255  cm.  and  the  lens  had  to  be  shifted  through  a 
distance  of  73-7  cm.     What  was  its  focal  length  ? 

90.  Calculate  the  mean  value  of  the  focal  length  of 
a  convex  lens  which  gave  the  following  results  by  the 
method  of  displacement : — 

Exp.  1         .         .         .     7=85  cm.     ^=38-7  cm. 
„      2         .         .         .     /=8o   „       d=zz'0  „ 
„      3         .         .         .     /=7o  „       ^=14-5  .. 

EXAMINATION   QUESTIONS. 

01.  Describe  a  method  of  measuring  the  velocity  of 
light  {a)  in  air,  ij))  in  glass,  its  velocity  in  air  being 
known.  In  using  Foucault's  method  it  was  observed 
that  when  the  mirror  was  turning  257  times  per  second 
the  displacement  of  the  image  was  '  11 3  metre,  the  dis- 
tance between  the  slit  and  the  moving  mirror  being  8-58 
metres,  and  between  the  two  mirrors  605  metres.  Show 
that  the  velocity  of  light   is   296,000,000  metres    per 

second.  Camb.  Schol.  1883. 

92.   State   the  principles  on  which  the   illuminating 
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powers  of  two  sources  of  light  are  compared.  The  dis- 
tance between  two  incandescent  lamps,  of  i6  and  25 
candle-power  respectively,  is  6  feet.  Show  that  there 
are  two  positions,  on  the  line  joining  the  lamps,  in  which 
a  screen  may  be  placed  so  as  to  receive  equal  illumina- 
tion from  each  lamp,  and  determine  these  positions. 

Prel.  Sc.  1887. 

93.  On  a  moonlight  night,  when  the  surface  of  the  sea 
is  covered  with  small  ripples,  instead  "of  an  image  of  the 
moon  being  seen  in  the  sea,  a  long  band  of  light  is  ob- 
served on  the  surface  of  the  sea  extending  towards  the 
point  which  is  vertically  beneath  the  moon.  Account 
for  this  phenomenon  in  accordance  with  the  laws  of 
reflection,  illustrating  your  explanation  by  a  figure. 

Matric.  1882, 

94.  What  is  the  index  of  refraction  of  a  transparent 
substance  ? 

A  plate  of  glass  6  inches  thick  with  a  refractive  index 
of  1-5  is  placed  2  inches  above  a  luminous  object. 
Make  a  careful  full-sized  drawing  showing  the  path  of  a 
small  conical  pencil  of  light  through  the  plate,  the  axis 
of  the  pencil  being  normal  (or  perpendicular)  to  the  sur- 
face of  the  glass,  and  show  where  the  image  of  the  object 
will  appear  to  an  eye  placed  on  the  other  side  of  the 

plate.  Matric.  1884. 

95.  Define  the  term  "  the  refractive  index  of  a  trans- 
parent medium,"  and  give  an  account  of  experiments  by 
which  that  of  a  liquid  may  be  measured. 

The  refractive  index  of  water  is  1-33,  and  the  velocity 
of  light  in  air  is  300,000,000  metres  per  second.  Find 
its  value  in  water,  stating  the  experimental  grounds  there 
are  for  your  answer.  ind.  c.  S.  1885. 

96.  Under  what  circumstances  is  total  internal  reflec- 
tion possible  ?  A  ray  of  light  passing  through  a  certain 
medium  meets  the  surface,  separating  the  medium  from 
air  at  an  angle  of  45°,  and  is  just  not  refracted.  What 
is  the  refractive  index  of  the  medium  ?  Matric.  1887. 
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97.  What  is  meant  by  saying  that  the  refractive 
indices  of  glass  and  of  water  are  1-5  and  1-33  respect- 
ively ?  Show  for  which  of  these  substances  the  critical 
angle,  or  limiting  angle  of  refraction,  is  the  greater. 

Matric.  1885. 

98.  An  image  of  a  candle-flame  eight  times  as  broad 
as  the  flame  itself  is  to  be  thrown,  by  means  of  a  convex 
lens,  on  a  wall  at  a  distance  of  1 2  feet  from  the  candle. 
What  will  be  the  focal  length  of  the  lens  required,  and 
where  must  it  be  placed  ?  Matric.  1885. 

99.  How  is  the  focal  length  of  a  convex  lens  best 
determined  without  the  aid  of  sunlight  ? 

An  object  is  placed  8  inches  from  the  centre  of  a  con- 
vex lens,  and  its  image  is  found  24  inches  from  the 
centre  on  the  other  side  of  the  lens.  If  the  object  were 
placed  4  inches  from  the  centre  of  the  lens  where  would 
the  image  be  ?  Matric.  1886. 

100.  An  object  3  inches  in  height  is  placed  at  a  dis- 
tance of  6  feet  from  a  lens,  and  a  real  image  is  formed 
at  a  distance  of  3  feet  from  the  lens.  The  object  is  then 
placed  I  foot  from  the  lens.  Where,  and  of  what  height, 
will  the  image  be  ?  Matric.  1887. 

101.  A  goldfish  globe  of  6  inches  radius  is  filled  with 
water.  Determine  the  apparent  position  of  a  point 
inside  the  globe,  4  inches  from  its  surface,  when  seen  by 
an  eye  outside  looking  along  a  radius  of  the  globe. 

Int.  Sc.  1884. 

102.  A  small  direct  pencil  of  rays  from  a  luminous 
point  enters  a  refracting  medium  bounded  by  a  spherical 
surface.      Determine  the  image  of  the  point. 

Given  a  double  concave  lens  of  5  cm.  thickness,  the 
radii  of  curvature  of  its  faces  being  1 5  and  20  cm. 
respectively.  Find  the  position  of  the  image  of  a  point 
in  the  axis  24  cm.  from  the  nearer  face,  aberration  being 

neglected.  int.  Sc.  Honours  1884. 

103.  Trace  the  position  of  the  image  of  a  bright 
point  formed  by  a  lens  consisting  of  a  sphere  of  glass, 
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of  radius  2  inches  and   refractive  index  1-5,  when  the 
point  moves  from  an  infinite  distance  up  to  the  sphere. 

Int.  Sc.  Honours  1885. 

104.  Explain  fully  how  you  would  determine  experi- 
mentally the  index  of  refraction  of  a  plano-convex  lens 

for  sodium  light.  Int.  Sc.  Honours  1883. 

105.  A  luminous  point  is  placed  in  the  axis  of  a  glass 
hemisphere,  for  which  /x  =  3/2,  at  a  distance  of  a  foot 
from  the  plane  surface  ;  if  the  radius  of  the  hemisphere 
be  9  inches,  show  that  the  rays  after  passing  through  it 
will  be  parallel.  Camb.  Schoi.  1886. 

106.  A  small  air-bubble  in  a  sphere  of  glass  4  inches 
in  diameter  appears,  when  looked  at  so  that  the  bubble 
and  the  centre  of  the  sphere  are  in  a  line  with  the  eye, 
to  be  I  inch  from  the  surface.  What  is  its  true  dis- 
tance ?      (^=1.5.)  Int.  Sc.  1887. 

107.  A  convex  lens  of  6  inches  focal  length  is  used  to 
read  the  graduations  of  a  scale,  and  is  placed  so  as  to 
magnify  them  three  times  ;  show  how  to  find  at  what 
distance  from  the  scale  it  is  held,  the  eye  being  close  up 

to  the  lens.  Owens  Coll.  1886. 

108.  A  pair  of  spectacles  is  made  of  two  similar  lenses, 
each  having  two  convex  surfaces  of  10  and  20  inches 
radius  respectively,  and  a  refractive  index  i'5.  A 
person  seeing  through  them  finds  that  the  nearest  point 
to  which  he  can  focus  is  i  foot  away  from  the  glasses. 
What  is  his  nearest  point  of  distinct  vision  ? 

Camb.  M.B.  1885. 

109.  How  is  a  spectrum  obtained  by  diffraction  ? 
How  does  such  a  spectrum  differ  from  a  prismatic  spec- 
trum ? 

If  a  grating  with  loo  lines  to  the  millimetre  is 
placed  in  front  of  a  slit  illuminated  with  monochro- 
matic light,  and  the  angular  distances  of  the  ist  and 
2d  images  are  found  to  be  2°  18'  and  4°  35'  from 
the  central  image,  what  is  the  wave  length  of  the 
light  ? 
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sin  2°  1 8' =-0401. 
sin  4°  35'= -0799. 

BalHol  Coll.  1881. 

110.  Light  from  two  exactly  equal  and  similar  small 
sources  very  close  together  falls  on  a  screen.  Account 
for  the  bands  seen,  explaining  the  difference  in  the 
appearance,  according  as  the  light  is  white  or  of  some 
definite  refrangibility. 

The  distance  between  the  two  sources  of  light  is  '184 
cm.,  and  the  distance  between  the  sources  and  the 
screen  is  1 1 2  cm. ;  a  series  of  bright  and  dark  bands  at 
a  distance  of  -036  cm.  apart  is  observed  on  the  screen. 
Find  the  wave  length  of  the  light  used.       Ind.  C.  S.  1885. 

111.  The  minimum  deviation  of  a  ray  of  light  pro- 
duced by  passing  through  a  prism  of  angle  60°  6'  20"  is 
42°  40'  20".  Show  how  to  use  these  results  to  deter- 
mine the  refractive  index  of  the  glass  prism,  and  find  it, 
having  given  — 

L  sin  51°  24'  =  9-89294,  L  sin  30°  4'  =  9-69984, 

L  sin  51°  23' =  9-89284,  L  sin  30°  3' =  9-69963. 

log  1.5610= -19340,  log  1-5600= -19312. 

Int.  Sc.  Honours  1886. 


CHAPTER    VII 

SOUND 

Velocity  of  Sound.  —  Newton  proved  that  the 
velocity  of  sound  in  any  medium  is  given  by  the  equation 
V  =  \/E/D,  E  denoting  the  elasticity  and  D  the  density 
of  the  medium. 

The  elasticity  of  a  fluid  is  defined  as  being  the  ratio 
of  any  small  increase  of  pressure  to  the  proportional 
decrement  of  volume  thereby  produced.  It  can  be 
shown  that  the  elasticity  of  a  perfect  gas  is  equal  to  its 
pressure,  provided  that  its  temperature  remains  constant 
during  the  compression. 

A  geometrical  proof  of  this  important  proposition  is  given  in 
Maxwell's  Theory  of  Heat.     It  may  also  be  proved  as  follows  : — 

Let  V  be  the  volume  of  a  given  mass  of  gas  under  the  pres- 
sure P.  Now  suppose  the  pressure  to  increase  by  a  small 
amount  /,  and  let  v  be  the  decrement  of  volume  thereby  pro- 
duced :  the  pressure  is  now  P  -t-/,  and  the  volume  V  -  z/.  If 
the  gas  obeys  Boyle's  law,  the  product  of  these  two  quantities 
is  equal  to  the  product  of  the  original  pressure  and  volume,  or 

PV  =  (P+/)(V-z/), 
=  PV  +  V/-Pz/-/z/. 

Since  both  the  quantities/  and  z/are  small,  their  product  may 
be  neglected  (p.  17);  thus 

V/  =  Pz'. 

Now  the  proportional  decrement  of  volume  (or  decrement  per 


CH.  VII]  VELOCITY  OF  SOUND  173 

unit  volume)  is  ^,  so  that  the  elasticity  (by  definition)  is //- 
or  V//z/.     But  by  the  last  equation 

and  therefore  the  elasticity  is  equal  to  the  pressure. 

We  have  seen  (p.  70)  that  if  the  barometer  stands  at 
h  cm.,  the  atmospheric  pressure  is  11  =  hpg  dynes  per  sq. 
cm.     This  gives  us  for  the  velocity  of  sound  in  air  at  0° 


or,  at  the  normal  pressure, 


V  =  v  1,013,226/0-001,293, 
=  279,933  cm.  per  sec, 


whereas  the  velocity  found  by  experiment  is  332  metres 
per  sec.  This  discrepancy  between  the  calculated  and 
observed  values  remained  unexplained  until  Laplace's 
time.  He  pointed  out  that  the  compression  produced  by 
a  sound-wave  takes  place  so  rapidly  that  any  heat  which 
is  developed  by  it  cannot  be  conducted  away :  the 
elasticity  cannot  therefore  be  calculated  on  the  supposi- 
tion that  the  temperature  remains  constant.  If  we 
assume  that  no  heat-  is  allowed  to  escape,  it  can  be 
proved  that  the  elasticity  is  equal  to  yll,  11  being  the 
pressure  and  y  the  ratio  between  the  specific  heat  of 
air  at  constant  pressure  and  its  specific  heat  at  con- 
stant volume.  Introducing  this  correction  (known  as 
Laplace's  correction)  we  have 

or  taking  y  =  i  -4, 

V  =  Vi -4  X  1013226/0-00012931 
=  331,221  cm.  per  sec, 

which  is  almost  identical  with  the  velocity  found  by 
experiment. 

1.  Explain,  on  general  principles,  why  the  velocity  of 
sound   in    air   increases   with  the   temperature,   but    is 
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independent  of  the  pressure  ;  and  calculate  its  velocity 
at  15°. 

Note. — The  velocity  of  sound  in  air  at  0°  is    332  metres  per 
second. 

2.  Find  the  temperature  at  which  the  velocity  of 
sound  in  air  is  350  metres  per  second. 

3.  An  observer  sets  his  watch  by  the  sound  of  a 
signal-gun  fired  at  a  station  1500  metres  off:  find,  to  a 
hundredth  of  a  second,  the  error  due  to  distance,  the 
temperature  being  15°. 

4.  Show  that  the  left  and  right  hand  members  of  the 
equation  V  =   vE/D  are  of  the  same  dimensions. 

5.  A  tuning-fork  is  held  over  a  tall  glass  jar,  into 
which  water  is  gradually  poured  until  the  maximum 
reinforcement  of  the  sound  is  produced.  This  is  found 
to  be  the  case  when  the  length  of  the  column  of  air  is 
64-8  cm.     What  is  the  vibration  number  of  the  fork  } 

6.  Calculate  the  velocity  of  sound  in  hydrogen  gas, 
assuming  its  velocity  in  air,  and  having  also  given  that 
I  litre  of  hydrogen  =  0-0896  gm.,  and  i  litre  of  air 
=  1.293  gm. 

7.  Find  the  length  of  a  closed  organ-pipe,  which  when 
blown  will  give  the  note  c  (256  vibrations  per  second). 

8.  Calculate  the  velocity  of  sound  in  water  at  10°,  its 
coefficient  of  elasticity  at  this  temperature  being  2  •  i  x  i  o^^. 

The  velocity  of  sound  in  liquids  is  given  by  the  same  expres- 
sion \/E/D,  E  denoting  the  coefficient  of  elasticity  (or 
the  reciprocal  of  the  coefficient  of  compressibility)  and  D 
the  density. 

At  10°  the  density  of  water  is  sensibly  equal  to  unity,  and  the 
required  velocity  is 

V=  ij 7.'\  X  10^  =  144,900  cm.  per  sec. 

9.  By  experiments  made  in  the  Lake  of  Geneva, 
Colladon  and  Sturm  found  that  sound  travelled  in  water 
at  8°-i  with  a  velocity  of  1435  metres  per  sec.  What 
value  does  this  give  for  the  elasticity  of  water  ? 
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10.  It  is  found  that  a  force  equal  to  the  weight  of 
3000  lbs.  is  required  to  elongate  a  bar  of  iron  i  sq.  inch 
in  section  by  1/10,000  of  its  original  length:  calculate 
from  this  the  velocity  of  sound  in  iron,  [i  cub.  ft.  of 
iron  =  480  lbs.] 

In  calculating  the  velocity  of  sound  in  solids,  E  is  to  be 

taken   as    denoting    Young's    modulus  of    elasticity,    the 

value  of  which  for  iron,  in  poundah  per  square  foot^  is 

10,000  X  3000  X  32  X  12^. 

The  density  of  iron,  in  lbs.  per  cub.  ft. ,  is  given  as  480.  Thus 

V  =  VE/D, 

=  V9«6  X  10®  X  122/480=  17,000  ft.  per  sec. 

11.  Calculate  the  value  of  Young's  modulus  for  steel, 
having  given  that  its  density  is  7-8,  and  that  sound 
travels  in  it  with  a  velocity  of  5200  metres  per  second. 

12.  What  will  be  the  pitch  of  the  note  emitted  by  a 
wire  50  cm.  in  length,  when  stretched  by  a  weight  of  25 
kilogrammes,  if  2  metres  of  the  wire  are  found  to  weigh 
4.79  gm..? 

It  can  be  proved  that  a  sound-wave  travels  along  a  stretched 
wire  or  string  with  a  velocity  v  =  \/F/M,  where  F  is  the 
stretching  force,  and  M  is  the  mass  of  the  wire  per  unit  of 
length.  2 

1  The  modulus  of  elasticity  (Young's  modulus)  is  defined  as  follows: — 
Suppose  a  bar  or  wire  of  length  L  and  cross-section  »•  to  be  stretched  by  a 
force  F,  and  let  /  denote  the  elongation  produced  ;  then  the  modulus  of 
elasticity  for  the  material  of  which  it  is  composed  is  E=LF//«r.  The  modu- 
lus is  frequently  expressed  in  lbs.  per  sq.  in.,  or  kilogrammes  per  sq.  cm. ;  in 
such  cases  it  must  be  multiplied  by^,  and  care  should  be  taken  to  use  the 
same  units  consistently  in  the  calculation,  e.g.  if  we  wish  to  find  the  velo- 
city in  centimetres  per  sec,  the  modulus  must  be  expressed  in  dynes  per  sq. 
cm.  and  the  density  in  grammes  per  c  c. 

2  If  the  wire  be  of  density  d.,  M=rr^,  so  that  if  we  denote  by  /  the  tension 
of  the  wire  per  unit  of  sectional  area,  i=F/irr^,  and  therefore  v=\/ild. 
The  complete  expression  for  the  number  of  vibrations  per  second  produced 
by  a  wire  of  density  d  stretched  by  a  weight  P  is 

3/r  ^     ftd 
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If  X  be  the  wave-length  of  the  note,  and  n  the  number  of 
vibrations  per  second  producing  it,  then  v  =  n\  :  also  the 
length  /  of  the  stretched  wire  must  be  an  exact  multiple  of 
X/2.  When  the  string  is  sounding  its  fundamental  note,  / 
is  equal  to  X/2,  and 

_v _  V  _  I         /F 

^^^\~YrTi N  m' 

The  stretching  force  in  the  present  example  is  the  weight  of  25 
kgm.  =25,000  X  981  dynes;   and  M  =4-79/200  =  0-02395 

gm.     Thus  n=~      As.oooxgSi^  ^^^ j^ ^^ ^^^^ ^j^^ 

&  100  /y'      0.02395        -^ 

vibration  number  of  c  as  256,  the  note  emitted  will  be  e^ 
for  320/256  =  5/4,  and  this  interval^  is  a  major  third. 

13.  Two  similar  wires  of  the  same  length  are  stretched 
— the  one  by  a  weight  of  4  lbs.,  and  the  other  by  a 
weight  of  9  lbs.  What  is  the  interval  between  the  notes 
which  they  produce  ? 

14.  A  stretched  string  3  feet  long  gives  the  note  c 
when  vibrating  transversely  :  what  note  will  be  given  by 
a  string  i  foot  long  stretched  by  the  same  weight  and 
made  of  the  same  material,  but  of  one-quarter  the  thick- 
ness .? 

15.  A  vibrating  string  is  found  to  give  the  note  / 
when  stretched  by  a  weight  of  16  lbs.  What  weight 
must  be  used  to  give  the  note  a  ?  and  what  additional 
weight  will  give  c'  ? 

16.  A  wire  50  cm.  in  length  and  of  mass  80  gm.  is 
stretched  so  that  it  vibrates  eighty  times  per  sec. :  find 
the  stretching  force  in  dynes.  ; 

^  The  intervals  of  the  diatonic  scale  (from  c  to  c'),  and  the 
vibi-ation  numbers  of  the  notes,  taking  ^  =  256,  are  as  follows  : — 

c  d  e  /  g  a      >     b  ^' 


^=.^^== 


r        n        f        s         1         t         d' 

I  :  I   :   f  :   !   :   I   :  f  :  -V-  :   2  • 
256  :  288  :  320  :3|r*3:  384  :  426-6:  480  ':  512 
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17.  A  copper  wire  (density  8-8)  i  metre  in  length  and 
1-8  mm.  in  diameter  is  stretched  by  a  weight  of  20 
kilogrammes.  Calculate  the  number  of  vibrations  which 
it  makes  per  second  when  sounding  its  fundamental  note. 

18.  The  e  string  of  a  violin  is  tuned  so  as  to  vibrate 
640  times  per  second  ;  the  vibrating  portion  has  a  mass 
of  1^  of  a  gramme  and  a  length  of  33  cm.  What  is  the 
stretching  force .-' 

19.  An  observer  listens  to  a  whistle  sounded  on  a 
railway  train  as  it  comes  toward  him,  and  the  pitch  of 
the  whistle  appears  to  be  /j(,  but  just  as  the  train  passes 
him  the  pitch  falls  to  /  Show  the  speed  of  the  train 
may  be  deduced  from  these  observations. 

The  note  actually  emitted  by  the  whistle  isy^  but  while  the 
train  is  approaching  the  observer  the  apparent  pitch  is 
heightened,  because  a  larger  number  of  sound-waves  enter 
his  ear  per  second  (Doppler's  principle). 

Suppose  the  train  to  be  at  a  distance  d,  and  moving  with  a 
velocity  of  v  ft.  per  sec.  toward  the  observer ;  also  let  n  be 
the  vibration  number  of  the  note  f.  Consider  what 
happens  while  the  engine  moves  through  v  ft.  {i.e.  during 
I  sec.)  Assuming  that  the  velocity  of  sound  in  air  is  1 100 
ft.  per  sec,  the  first  vibration,  produced  at  a  distance  </, 
will  reach  the  observer  in  a  time  djwoo.  When  the  «th 
vibration  is  produced  the  train  is  v  ft.  nearer,  and  this  last 
vibration  will  reach  him  in  a  time  dj\  100-7^/1  lOO.  Thus 
his  ear  receives  n  vibrations  in  (i  -  vjwoQt)  sec,  or 
nfii  -vjiioo)  per  sec,  which  is  therefore  the  vibration 
number  of  the  note/|.  The  interval  between  this  note 
and /is  a  minor  semitone,  and  is  equal  to  25/24,  so  that 

n  2$n 


I  -z//iioo~  24  * 

and  z'=  1100/25=44. 

Thus  the  speed  of  the  train  is  44  ft.  per  sec,  or  30  miles  per 
hour.  * 

20.  An  observer  listening  to  the  whistle  of  an  engine 
which  is  approaching  him  at  the  rate  of  45  ft.  per  sec, 
N 
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notices  that  the  pitch  of  the  note  which  he  hears  is  the 
same  as  that  of  a  tuning-fork  which  makes  458  vibrations 
per  sec.  What  is  the  actual  pitch  of  the  whistle  ? 
(Velocity  of  sound  in  air=  1 100  ft.  per  sec.) 

21.  Give  a  graphical  illustration  of  the  manner  in 
which  *'  beats  "^  are  produced,  and  show  that  the  number 
of  beats  per  second  can  be  calculated  from  the  vibration 
numbers  of  the  two  notes  producing  them. 

Two  open  pipes  are  sounded  together,  each  note  con- 
sisting of  its  first  two  harmonics,  together  with  the  funda- 
mental. One  note  has  256  vibrations  per  second,  the 
other  170.  Show  that  two  of  the  harmonics  will  pro- 
duce beats  at  the  rate  of  two  per  second. 

22.  A  smoked-glass  plate  is  held  vertically  in  front  of 
a  vibrating  fork  provided  with  a  style,  and  the  plate  is 
allowed  to  fall  freely  under  the  action  of  gravity,  so  that 
the  style  traces  a  wavy  line  upon  it.  Prove  that  if  the 
number  of  waves  marked  in  a  distance  d  (starting  from 
rest)  be  ;?,  then  the  vibration -number  of  the  fork  is 
nj  J 2  djg. 

23.  In  an  experiment  made  according  to  this  method, 
it  was  found  that  in  a  distance  of  10-9  cm.  (measured 
from  the  position  of  rest)  68 1  waves  were  included. 
Find  the  vibration-number  of  the  fork,  taking  ^=980. 


EXAMINATION    QUESTIONS. 

24.  State  clearly  what  is  meant  by  the  elasticity  of 
water.  If  the  elasticity  of  water  be  2  x  10"^^  C.G.S. 
units,  calculate  the  velocity  of  sound  in  it. 

Int.  Sc.  Honours  1883. 

25.  Describe  the  mode  of  transmission  of  a  sound- 
wave in  air.  The  velocity  of  sound  in  any  gas  is  numer- 
ically equal  to  the  square  root  of  the  ratio  of  the  numer- 
ical value  of  the  elasticity  of  the  gas  for  constant  heat, 
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and  the  density  of  the  gas  ;  the  velocity  may  also  be 

calculated  from  the  formula  v  =  sj —->  where  p  is  the 

pressure  of  the  gas,  d  its  density,  and  y  the  ratio  of  its 
specific  heat  at  constant  pressure  and  constant  volume. 
Reconcile  these  statements.  N.  S.  Tripos.  1885. 

26.  Explain  the  reflection  of  sound  at  the  end  of  an 
open  and  a  closed  organ-pipe,  and  deduce  the  possible 
notes  for  a  pipe  of  given  length. 

Calculate  the  vibration  frequency  of  a  note  sounded 
upon  a  closed  organ-pipe  120  centimetres  long,  blown 
with  air  at  a  temperature  of  1 5°C.,  knowing  that  the 
specific  gravity  of  air  at  o°C.  and  760  mm.  pressure  is 
0-001292,  the  specific  gravity  of  mercury  I3'59,  the 
acceleration  of  gravity  qSit^'^,  the  coefficient  of  ex- 
pansion of  air  .00366,  and  the  ratio  of  the  two  specific 
heats  of  air  1-406.  N.  s.  Tripos.  1885.    « 

27.  What  should  be  the  length  of  a  glass  tube,  open 
at  both  ends,  that  it  may  produce  the  maximum  reson- 
ance when  a  tuning-fork,  making  480  complete  vibra- 
tions per  second,  is  sounding  near  one  end  ?  State 
clearly  the  nature  and  relative  extent  of  the  motion  of 
the  air-particles  in  different  parts  of  the  tube,  and  show 
how  the  sound-waves  are  propagated  in  it.  (Velocity  of 
sound  in  air  is  1 1 20  feet  per  second.)  Prel.  Sc.  1887. 

28.  State  the  laws  for  the  frequency  of  vibration  of 
stretched  strings. 

A  string  of  india-rubber  is  stretched  by  a  force  of  2 
lbs.,  and  it  executes  n  transverse  vibrations  per  second. 
The  length  is  doubled  when  the  stretching  force  is  3J 
lbs.     What  is  now  the  frequency  of  the  vibrations  ? 

Vict.  Int.  1886. 

29.  One  end  of  a  string  is  attached  to  a  prong  of  a 
tuning-fork ;  the  string  passes  over  a  small  pulley,  and 
carries  a  weight  at  the  other  end.  With  a  weight  of 
40  grammes  the  string  divides  into  four  segments  when 
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the  fork  vibrates  :  what  weight  must  be   suspended  to 
cause  the  string  to  vibrate  in  five  and  in  six  segments  ? 

If  the  string  be  originally  in  the  plane  of  vibration  of 
the  fork,  what  effect  will  be  produced  by  turning  the 
fork  so  that  the  plane  of  vibration  of  the  prongs  is  at 
right  angles  to  the  string  ?  B.  Sc.  1885. 


CHAPTER  VIII 
MAGNETISM 

Note. — All  quantities  are  expressed  in  terms  of  the  C.G.S. 
units.  For  the  definitions  of  magnetic  units  and  their  dimen- 
sions, see  pp.  4  and  15. 

1.  A  magnetic  pole  of  strength  90  is  found  to  attract 
another  pole  2  cm.  from  it  with  a  force  equal  to  the  weight 
of  a  gramme  :  what  is  the  strength  of  the  second  pole  ? 

By  the  law  of  inverse  squares,  the  force  exerted  between  the 
two  poles  is  equal  to  the  product  of  their  strengths  divided 
by  the  square  of  their  distance  apart.  This  is  equal  to 
981  dynes  (the  weight  of  a  gramme),  so  that  if  P  be  the 
strength  of  the  second  pole, 

981  =  Px  90/22, 

and  P  =  4x  981/90  =  43-6. 

2.  The  strength  of  a  certain  magnet-pole  is  27:  find 
the  intensity  of  the  magnetic  field  3  cm.  away  from  it, 
assuming  the  magnet  to  be  so  long  that  the  influence  of 
the  other  pole  may  be  neglected.  What  force  would  be 
exerted  by  it  upon  a  pole  of  strength  32  at  a  distance 
of  1 2  cm.  ? 

The  intensity  of  the  magnetic  field  at  any  point  is  measured 
by  the  force  experienced  by  a  unit  magnetic  pole  placed  at 
the  point.  The  force'  exerted  by  the  given  magnet-pole 
on  an  unit  pole  3  cm.  away  from  it  is  27x1/3^=3 
dynes ;  and  hence  the  strength  of  the  field  at  this  distance 
is  3. 
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In  the  second  case  the  force  would  be  27  x  32/(122)  =  6 
dynes. 

3.  What  is  the  force  exerted  between  two  poles  of 
strength  32  and  36  units  at  a  distance  of  12  cm.  from 
one  another  ? 

4.  The  repulsive  force  between  two  poles  is  20 
dynes  when  they  are  4  cm.  apart :  what  will  it  be  when 
the  distance  between  them  is  increased  by  i  cm.  ? 

6.  A  magnet -pole  of  strength  lo  attracts  another 
pole  5  cm.  from  it  with  a  force  of  2  dynes  :  what  is 
the  strength  of  the  second  pole  ? 

6.  The  distance  between  two  equal  magnet-poles  is 
8  cm.,  and  they  repel  one  another  with  a  force  of  5 
dynes  :  find  the  strength  of  each. 

7.  A  magnet  8  cm.  in  length  lies  in  a  field  of  intensity 
H  =  o-i8,  and  the  strength  of  each  of  its  poles  is  5. 
Find  the  moment  of  the  couple  required  to  deflect  it  ( i ) 
through  an  angle  of  30°  from  the  magnetic  meridian, 
(2)  at  right  angles  to  the  magnetic  meridian. 

The  force  acting  on  each  pole  in  both  cases  is  ;«  H  =  5  x  o- 18 
=  0.9. 

( 1 )  The  arm  of  the  couple,  or  perpendicular  distance  between 
the  forces  acting  on  the  two  poles,  is  /sin  5  =  8  sin  30°  = 
8/2  =  4,  ^nd  the  moment  of  the  couple  is  wH /sin  5  =  0-9 

X4  =  3.6. 

(2)  When  the  needle  is  at  right  angles  to  the  meridian  the 
arm  of  the  couple  is  equal  to  the  length  of  the  needle,  and 
the  moment  of  the  couple  iso-9x8  =  7-2. 

8.  Given  that  the  dimensions  of  strength  of  pole  are 
M^L^T" '  show  that  the  dimensions  of  strength  of  field 
are  M^L~*-'T~ .  What  is  the  strength  of  a  pole  which 
is  urged  with  a  force  of  9  dynes  when  placed  in  a  field 
of  intensity  0.5  ? 

9.  A  freely  suspended  magnetic  needle  is  deflected  ( i ) 
through  an  angle  of  45°,  (2)  through  an  angle  of  60° 
from    the    magnetic   meridian.      Compare    the    couples 
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which  tend  to  bring  the  needle  back  to  its  position  of 
rest  in  the  two  cases. 

10.  Prove  that  the  magnetic  force  (or  intensity  of 
field)  due  to  a  bar  magnet  at  any  point  on  the  axis  of 
the  magnet  produced  is  equal  to  2M^/(a^  —  /^)  ,  where 
M  is  the  magnetic  moment  of  the  magnet,  2/  its  length, 
and  d  the  distance  of  the  point  from  its  centre. 

Find  the  force  due  to  each  pole  separately  and  subtract. 
Observe  that  since  the  length  of  the  bar  magnet  is  2/,  its 
magnetic  moment  is  M  =  2  m  I. 

11.  Prove  that  the  magnetic  force  due  to  the  same 
magnet  at  a  point  opposite  to  its  centre  and  at  a  dis- 
tance d  from  it  is  equal  to  M/(rt?2  +  /2)irj  and  acts  parallel 
to  the  axis  of  the  magnet. 

The  forces  due  to  the  two  poles  are  equal,  and  their  com- 
ponents perpendicular  to  the  axis  are  equal  and  opposite. 
Find  the  components  parallel  to  the  axis  and  add. 

12.  A  magnetic  needle  is  deflected  through  an  angle 
a  from  the  meridian  by  a  bar  magnet  of  , 
magnetic  moment  M  placed  "broadside 
on"  {i.e.  in  the  position  shown  in  Fig.  3, 
the  line  joining  the  centres  of  the  two  mag- 
nets being  in  the  meridian  MR,  and  the 
axis  of  the  bar-magnet  perpendicular  to  it.) 
Prove  that  if  H  be  the  strength  of  the 
field,  and  d  the  distance  between  the  centres 
of  the  magnets,  M/H  =  {d"^  ■\-  /2)t  tan  a. 

Find  the  moments  of  the  couples  due  to  the 
action  of  the  bar-magnet  and  of  the  earth's 
field,  and  equate. 
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13.  Prove  that  the  equation  of  equilibrium 
in  the  preceding  example  would  take  the 
form 

M/H  =  (^2  _/2)2  tana/2^, 

if  the  bar-magnet  were  placed  "  end  on,"  i.e.  in  an  east 


It 

Fig.  3. 
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and  west  position,  with  the  centre  of  the  deflected  magnet 
lying  on  the  axis  of  the  bar-magnet  produced. 

■  Note  on  the  Time  of  Vibration  of  a  Magnet. — The  small 
oscillations  of  a  magnet 'are  governed  by  laws  similar  to  those 
which  regulate  the  vibrations  of  a  pendulum  swinging  through  a 
small  arc.  The  time  of  a  complete  vibration  of  a  simple 
pendulum  is  /  =  2  tt  fjjla- :  the  time  of  a  complete  vibration  of 
a  magnetic  needle  suspended  horizontally  is  /  =  2 tt  isJ\lYi^ 
where  I  is  the  moment  of  inertia  of  the  needle,  and  K  is  the 
moment  of  the  directive  force  tending  to  restore  the  needle  to 
its  position  of  rest.  The  quantity  I  depends  upon  the  mass  and 
dimensions  of  the  needle  ;  K  is  the  product  of  two  factors, 
M  and  H,  M  being  the  magnetic  moment  of  the  magnet,  and 
H  the  horizontal  intensity  of  the  earth's  magnetic  force.  The 
force  acting  on  a  needle  is  therefore  proportional  to  the 
square  of  the  number  of  oscillations  which  it  makes  in  a  given 
time. 

14.  A  magnetic  needle  is  suspended  horizontally  at  a 
considerable  height  above  a  bar-magnet  which  lies  on 
the  floor  underneath  it.  When  the  north  pole  of  the 
bar -magnet  points  southward,  the  needle  makes  14 
vibrations  per  minute  ;  and  when  its  north  pole  points 
northwards,  the  needle  makes  8  vibrations  per  minute. 
At  what  rate  would  the  needle  vibrate  under  the  action 
of  the  earth's  force  above  ? 

Let  n  denote  the  number  of  oscillations  made  per  minute  by 
the  needle  under  the  action  of  the  earth's  force  H.  Then 
H  =  /&«2^  where  ^^  is  a  constant. 

In  the  first  position  of  the  bar-magnet  the  needle  is  vibrating 
in  a  field  the  strength  of  which  is  H  +  F,  where  F  is  the 
force  due  to  the  bar-magnet.  In  the  second  position  of 
the  bar-magnet  its  action  is  opposed  to  that  of  the  earth, 
and  the  resultant  field  is  of  strength  H  -  F. 

Thus  H  +  F  =  y&x(i4)2=i96/&, 

and  H-F  =  /&x(8)2  =64;^. 

.-.   H  =  i30/&. 

Again,  since  Yi=kifi,  it  follows  that  n—  \/i30—  ii'4. 


VIIl] 


VIBRATION  OF  MAGNETS 


185 


16.  A  compass  needle  makes  50  oscillations  per 
minute  at  a  place  where  the  dip  is  64°,  and  48  oscilla- 
tions per  minute  at  another  place  where  the  dip  is  71°. 
Compare  the  value  of  the  total  magnetic  force  at  the  two 
places. 

Let  I  denote  the  total  force  which  acts  along  the  line  of  dip, 

H  the  horizontal  component,  and  6  the 

angle    of    dip  ;    then  H/I  =  cos  6,    or 

I  =  H/  cos  e   (Fig.    4).      Thus    at    the 

first   place  we   have  I  =  H/  cos  64°  = 

H/o-438,  and  at  the  second  place  1'  = 

H'/cos  7i°  =  H7o-326. 
The  vibrations  of  the  compass-needle  are 

controlled  by  the  horizontal  conip07ient 

of  the  total  force,  therefore 

H  :  H'  =  (50)2  :  (48)2  =  2500  :  2304, 
and 


I :  I'=  (2500/0-438)  :  (2304/0-326) 
=  1:1-238. 


Fig.  4. 


16.  A  magnetic  needle  makes  100  oscillations  in  8 
min.  20  sec.  under  the  action  of  the  earth's  force  alone. 
Under  the  combined  action  of  the  earth  and  a  magnet  A 
it  makes  100  oscillations  in  7  min.  30  sec,  and  when 
the  magnet  A  is  replaced  by  another  B  the  needle  makes 
100  oscillations  in  6  min.  40  sec.  Compare  the  magnetic 
moments  of  A  and  B. 

17.  A  compass  needle  makes  10  oscillations  per 
minute  under  the  influence  of  the  earth's  magnetism 
alone.  When  the  north  pole  of  a  long  magnet  A  is 
held  I  ft.  south  of  it,  the  needle  makes  12  oscillations 
per  minute  ;  and  when  the  north  pole  of  another  magnet 
B  is  held  in  the  same  position,  the  number  of  oscillations 
per  minute  increases  to  1 5.  Compare  the  pole-strengths 
of  the  magnets  A  and  B. 

18.  At  Berlin  the  total  magnetic  intensity  is  0-48  (in 
C.G.S.  units)  and  the  dip  is  64°:  at  New  York  the 
total  intensity  is  o-6i   and  the  dip  72°.      If  a  magnet 
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vibrating  horizontally  at  Berlin  makes  20  oscillations 
in  a  minute,  how  many  oscillations  would  it  make  in  the 
same  time  at  New  York  ? 

19.  A  dip-circle  is  rotated  (in  azimuth)  through  an 
angle  a  from  the  magnetic  meridian,  and  the  apparent 
angle  of  dip  under  these  conditions  is  6' :  prove  that 
the  true  dip  {6)  at  the  place  is  given  by  the  equation 

tan  6  =  tan  6'  cos  a. 

20.  Discuss  the  precise  advantages  of  the  method 
usually  adopted  for  determining  the  magnetic  dip  (z'.e. 
by  observing  the  position  in  which  the  needle  points 
vertically  downwards,  and  then  rotating  the  dip-circle 
through  90°)  ;  and  prove  that  the  true  dip  may  be  found 
from  observations  in  a7iy  two  azimuths  at  right  angles 
by  the  formula 

COt2  e  =  COt2  d^  +  C0t2  ^2, 

6^  and  $2  being  the  observed  angles  of  dip  in  any  two 
planes  at  right  angles,  and  0  being  the  true  dip. 


EXAMINATION   QUESTIONS. 

21.  Explain  what  is  meant  by  the  strength  of  a 
magnetic  pole,  and  describe  experiments  to  determine 
the  law  of  force  between  two  poles. 

A  circle  is  described  round  a  small  magnet  in  a  plane 
which  contains  the  axis  of  the  magnet,  with  its  centre 
coincident  with  that  of  the  magnet.  Discuss  the  changes 
in  the  intensity  and  direction  of  the  force  on  a  magnetic 
pole  which  is  carried  round  the  circle  ;  and  show  how 
from  observations  at  the  points  in  which  the  axis  of  the 
magnet  cuts  the  circle,  and  at  the  points  on  the  circle 
midway  between  these,  the  law  of  force  may  be  deter- 
mined. Camb.  Schol.  1885. 

22.  The  centre  of  gravity  of  a  dip  needle  does  not 
quite  coincide  with  its  axis  of  suspension.  Describe  the 
operations    necessary  in    order    to    eliminate    the  error 
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which  would  otherwise  arise  in  the  measurement  of  the 
magnetic  dip.  int.  Sc  1883. 

23.  The  intensities  of  the  earth's  horizontal  magnetic 
force  at  two  different  places  can  be  compared  by  observ- 
ing at  each  the  deflection  by  the  same  magnet  of  a  small 
compass-needle  placed  in  the  same  position  relatively  to 
the  magnet.  Explain  the  method,  and  show  how  the 
result  of  the  comparison  would  be  effected  by  a  diminu- 
tion of  the  magnetic  moment  of  the  compass-needle  or 
of  the  magnet  respectively,  occurring  between  the  obser- 
vations at  the  first  station  and  those  at  the  second. 

Int.  Sc.  1885. 

24.  Describe  the  principle  of  measurement  employed 
in  the  Torsion-balance. 

A  magnet  suspended  by  a  fine  vertical  wire  hangs  in 
the  magnetic  meridian  when  the  wire  is  untwisted.  If 
on  turning  the  upper  end  of  the  wire  half  round  the 
magnet  is  deflected  through  30°  from  the  meridian,  show 
how  much  the  upper  end  of  the  wire  must  be  turned  in 
order  to  deflect  the  magnet  45°  and  60°  respectively. 

Int.  Sc.  1884. 

25.  A  bar-magnet  is  suspended  in  a  Torsion-balance 
by  a  wire  without  torsion.  When  the  torsion  head  is 
turned  through  360°,  the  bar  is  deflected  30°  from  the 
meridian.  Through  how  many  degrees  must  the  torsion 
head  be  turned  that  the  magnet  may  be  in  equilibrium 
at  right  angles  to  the  meridian  .'*  Prel.  Sc.  1887. 

26.  A  magnetic  needle  makes  a  complete  vibration 
in  a  horizontal  plane  in  2-5  seconds  under  the  influence 
of  the  earth's  magnetism  only,  and  when  the  pole  of  a 
long  bar-magnet  is  placed  in  the  magnetic  meridian  in 
which  the  needle  lies,  and  20  cm.  from  its  centre,  a  com- 
plete vibration  is  made  in  1-5  seconds.  Assuming 
H  =  -18  (C.G.S.),  and  neglecting  the  torsion  of  the  fibre 
by  which  the  needle  is  suspended,  determine  the  strength 
of  the  pole  of  the  long  magnet.  int.  Sc.  Honours  1886. 

27.  Two  small  magnetic  needles  are  placed  with  their 
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centres  at  a  distance  r  (great  compared  with  their  own 
lengths)  from  each  other,  so  that  the  centre  of  one  is  in 
the  prolongation  of  the  axis  of  the  other.  Show  that  the 
couple  exerted  by  one  on  the  other  is  approximately 
equal  to  ^^^^(i  +  ^),  where  M  and  Mj  are  the  magnetic 
moments  of  the  needles,  and  A  is  a  constant. 

B.  Sc.  1879. 

28.  Describe  the  magnetic  behaviour  of  a  piece  of 
soft  iron  in  a  magnetic  field  of  gradually  increasing 
intensity,  and  give  experimental  methods  by  which  the 
truth  of  your  statements  can  be  verified. 

B.  Sc.  Honours  1884. 


CHAPTER    IX 
ELECTROSTATICS 

Note. — All  quantities  are  expressed  in  terms  of  the  C.G.S. 
units.  For  the  definitions  of  the  electrostatic  units  and  their 
dimensions,  see  pp.  4  and  16. 

1.  Two  small  spheres  are  at  a  distance  of  5  cm. 
apart :  one  has  a  charge  of  i  o  units  of  electricity,  the 
other  a  charge  of  5  units.  What  is  the  force  exerted 
between  them  ? 

It  follows  from  Coulomb's  law,  and  from  the  definition  of 
the  unit  quantity  of  electricity,  that  the  force  (in  dynes)  is 
equal  to  the  product  of  the  charges  divided  by  the  square 
of  the  distance  between  the  spheres. 

Thus  F  =  I  o  X  5/52  =  50/2  5  =  2  dynes. 

If  the  two  charges  are  of  the  same  kind  {i.e.  both  positive  or 
both  negative)  the  force  will  be  one  of  repulsion ;  if  the 
one  charge  is  positive  and  the  other  negative,  the  force  will 
be  one  of  attraction. 

2.  Two  small  electrified  bodies  at  a  distance  of  12 
cm.  apart  are  found  to  attract  one  another  with  a  force 
of  6  dynes.  The  one  has  a  positive  charge  of  32  units  : 
what  is  the  charge  of  the  other  ? 

3.  What  is  the  distance  between  two  small  spheres 
•which  have  charges  of  32  and  36  units  respectively, 
and  repel  one  another  with  a  force  of  8  dynes  ? 

4.  Express  in  dynes  the  repulsive  force  exerted  be- 
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tween   two   small   spheres    15    cm,   apart,  and  charged 
respectively  with  40  and  45  units  electricity. 

5.  Two  small  spheres  are  10  cm.  apart,  and  one  of 
them  has  a  charge  of  45  units  :  what  must  be  the  charge 
on  the  other  so  that  the  force  exerted  between  them 
may  be  equal  to  the  weight  of  5  milligrammes  ? 

6.  Determine  the  relation  between  the  electrostatic 
unit  of  quantity  in  the  metre-milligramme-minute  system 
and  the  corresponding  C.G.S.  unit. 

7.  An  electrified  ball  is  placed  in  contact  with  an 
equal  aijd  similar  ball  which  is  unelectrified :  on  being 
separated  8  cm.  from  one  another  the  force  of  repulsion 
between  them  is  equal  to  16  dynes.  What  was  the 
original  charge  on  the  electrified  ball  ? 

Since  the  balls  are  of  equal  size  the  charge  will  be  equally 
shared  between  them  when  they  are  placed  in  contact. 
Let  g  be  the  charge  on  each  :  then  the  repulsive  force 
between  them  is  (^^S^),  and  this  is  equal  to  16  dynes. 
Thus  (/^  =  S^  X  16,  and  ^=8x4  =  32.  The  original  charge 
on  the  electrified  ball  was  2$^  =  2  x  32  =  64  units. 

8.  Two  small  equal  balls,  one  having  a  positive  charge 
of  10  units  and  the  other  a  negative  charge  of  5  units, 
are  5  cm.  apart :  what  is  the  attractive  force  between 
them  ?  If  they  are  made  to  touch,  and  again  separated 
by  the  same  distance,  what  will  be  the  force  of  repulsion? 

9.  Two  small  spheres,  each  charged  with  50  units  of 
electricity,  are  placed  at  two  of  the  corners  of  an  equi- 
lateral triangle  i  metre  on  the  side :  what  is  the 
magnitude  and  direction  of  the  resultant  electric  force  at 
the  third  corner  ? 

10.  What  charge  is  required  to  electrify  a  sphere  of 
25  cm.  radius  until  the  surface-density  of  the  electrifica- 
tion is  s/tt  ? 

The  surface-density  is  the  quantity  of  electricity  per  unit  of 
surface.  Thus  if  S  be  the  area  of  the  surface,  and  <r  the 
surface-density,  the  charge   is   Q  =  S(r.      The  area  of  the 
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surface  of  a  sphere  of  radius  r  is  4irr2  :  ^1^5  §  =  ^^  x  (25)^, 
and  Q=:4ir  X  (25)2  x  5/7r  =  20x  625  =  12500. 

11.  A  sphere  of  5  cm.  radius  has  a  charge  of  1 000 
units  of  electricity :  what  is  the  surface-density  of  the 
charge  ? 

12.  What  charge  must  be  imparted  to  a  spherical 
conductor  of  3  cm.  diameter  in  order  that  the  superficial 
density  of  the  electrification  may  be  7  ?  [Take  7r  = 
22/7.] 

13.  A  magnetised  knitting-needle,  carrying  a  small 
gilt  pith-ball  at  one  end,  is  suspended  horizontally  by  a 
silk  fibre  :  a  second  pith-ball,  of  the  same  size  as  the 
first,  is  electrified  and  brought  into  contact  with  it. 
Prove  that  the  charge  on  the  second  pith-ball  is  propor- 
tional to  (sin  1)^,  where  a  is  the  angle  through  which 
the  knitting-needle  is  deflected  from  the  magnetic 
meridian. 

I  14.  Three  small  electrified  spheres.  A,  B,  and  C,  have 
charges  i,  2,  and  4  respectively.  Find  the  position  in 
which  B  must  be  placed  between  A  and  C  in  order  that 
it  may  be  in  equilibrium.  Prove  also  that  there  is 
another  position  along  the  line  CA  produced  in  which  B 
will  be  equally  repelled  by  A  and  C. 

15.  The  bob  of  a  seconds  pendulum  consists  of  a 
sphere  of  mass  16  grammes,  and  it  is  suspended  by  a 
silk  thread.  Vertically  beneath  it  is  placed  a  second 
sphere,  which  is  positively  electrified,  and  when  the  pen- 
dulum-bob is  negatively  electrified  its  time  of  oscillation 
is  found  to  be  o«8  sec.  Prove  that  the  attractive  force 
between  the  two  spheres  is  equal  to  the  weight  of  9 
grammes.  (The  arc  of  vibration  is  supposed  to  be 
so  small  that  the  attractive  force  is  always  along  the 
vertical.) 

Potential  and  Capacity. — It  can  be  shown  1  that 

1  Clerk  Maxwell,  Elevientary  Treatise  on  Electricity,  Art.  86 ;  Silvanus 
Thompson,  Electricity  and  Magnetism,  Art.  238. 
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if  a  quantity  q  of  electricity  be  collected  at  a  given  point, 
the  difference  of  potentials  due  to  it  at  any  two  given 
points  A  and  B,  whose  distances  from  the  given  point 
are  r  and  /  respectively,  is 

VA-VB  =  ^/r-<7/r'. 

If  the  point  B  is  removed  to  an  infinite  distance,  or 
is  connected  with  the  earth,  /  becomes  oo  ,  and  qjr^  =  o. 
If  we  agree  to  regard  the  potential  of  the  earth  as  zero, 
the  expression  for  the  difference  of  potentials  between  A 
and  the  earth,  or,  more  briefly,  the  potential  of  the  point 

If  instead  of  a  single  quantity  of  electricity  there  are 
several  charges  ^j,  q.^^  $^3>  •  •  •  whose  distances  from 
the  given  point  are  r^,  r^^  r.^,  .  .  .  respectively,  then 
the  potential  at  A  due  to  all  these  charges  is 

The  external  action  of  an  electrified  spherical  con- 
ductor is  the  same  as  if  all  the  charge  were  collected 
at  its  centre.  If  the  charge  be  Q,  the  potential  due  to 
it  at  any  external  point,  whose  distance  from  the  centre 
of  the  sphere  is  r,  is  Q/r.  This  is  only  true  when  r  is 
not  less  than  the  radius  R  of  the  sphere.  At  the  surface 
of  the  sphere  r  =  R,  and  the  potential  is  Q/R.  Now 
the  capacity  (C)  of  the  sphere  is  measured  by  the  charge 
required  to  raise  its  potential  from  zero  to  unity,  or 

C  =  Q/V, 

where  Q  is  the  charge  and  V  the  potential  due  to  it. 
But  we  have  seen  that  V  =  Q/R.      Hence  C  =  R,  or — 

The  capacity  of  a  spherical  conductor  (placed  in  air 
at  a  considerable  distance  from  other  conductors)  is 
numerically  equal  to  its  radius. 
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16.  A  hollow  spherical  conductor,  whose  radius  is  i 
decimetre,  is  charged  with  10  units  of  electricity:  find 
the  potential  (i)  at  the  surface  of  the  sphere,  (2)  inside 
it,  (3)  at  points  distant  15  and  25  cm.  from  its  centre. 
If  the  sphere  is  connected  by  a  long  thin  wire  with  a 
second  conducting  sphere  of  i  cm.  radius,  what  will  be 
the  charge  and  potential  of  each  sphere  ? 

(i)  At  the  surface  V  =  Q/C  =  Q/R=  10/10=  i. 

(2)  The  potential  is  constant  and  equal  to  unity  throughout 

the  whole  interior  of  the  sphere. 

(3)  At  the  first  point  V=  10/15=0-6;  at  the  second  V  = 

10/25=0.4. 

After  connection  is  made  the  two  spheres  will  be  reduced  to 
a  common  potential.  The  capacity  of  the  system  (neglect- 
ing the  capacity  of  the  fine  wire)  is  equal  to  the  sum  of 
the  capacities  of  the  two  spheres  =  10+ i  =  11.  Their 
joint  charge  is  equal  to  the  original  charge  =  10.  Hence 
their  common  potential  is  V  =  Q/(C  +  C)  =  lo/i  i  =  0-969. 
The  charge  of  the  first  sphere  is^j  =  CV=iox  10/11  = 
9-69  ;  the  charge  of  the  second  sphere  is  q^=:GY  =1  x 
10/11=0-969. 

Observe  that  the  charge  is  shared  in  the  ratio  of  10  to  i  ; 
i.e.  in  the  ratio  of  the  capacities  of  the  conductors. 

17.  Charges  of  50  units  of  electricity  are  placed  at 
each  of  the  corners  of  a  square  whose  side  is  i  metre  : 
find  the  potential  at  the  point  of  intersection  of  the 
diagonals. 

18.  Two  conductors,  of  capacity  10  and  15  respect- 
ively, are  connected  by  a  fine  wire,  and  a  charge  of 
1000  units  is  divided  between  them:  find  the  charge 
which  each  takes,  and  the  potential  to  which  it  is  raised. 

19.  A  conductor  of  capacity  7  5  is  charged  to  a  poten- 
tial 20,  and  is  then  made  to  share  its  charge  with  a 
second  conductor  of  capacity  2  5  :  what  will  be  the  final 
charge  and  potential  of  each  ? 

20.  Three  spheres  of  capacity  r,  2  and  3  are  charged 
to  potentials  3,  2  and  i  respectively,  and  are  then  con- 

o 
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nected  by  a  fine  wire:   what   is   their   common  poten- 
tial? 

21.  Find  the  dimensions  of  capacity  in  the  electro- 
static system,  and  calculate  the  capacity  of  a  sphere  of 
5  metres  radius,  in  that  system  in  which  the  decimetre, 
g^ramme,  and  minute  are  taken  as  units. 

22.  Two  small  uncharged  metallic  spheres  are  hung 
up  by  silk  threads  in  an  electrical  field  ;  they  are  con- 
nected together  for  a  moment  by  a  fine  wire,  which  is 
then  removed.  If  the  spheres  are  now  examined,  what 
will  be  their  electrical  state  ?  If  no  charge  is  found 
Upon  either  of  the  spheres,  what  conclusion  would  you 
draw  as  to  the  relative  potentials  of  the  points  occupied 
by  the  centres  of  the  spheres  at  the  instant  when  the 
wire  was  removed  ? 

23.  Two  spheres,  each  of  i  cm.  diameter,  are  con- 
nected by  a  wire,  and  are  at  the  same  potential  40. 
The  force  of  repulsion  between  them  is  5  dynes  :  what 
is  their  distance  apart  ?  What  will  be  the  force  when 
the  distance  between  them  is  half  a  metre  ? 

24.  What  is  an  equipotential  surface }  Show  that 
the  work  done  by  or  against  the  electrical  forces  during 
the  transference  of  a  charged  body  from  one  equi- 
potential surface  to  another  is  independent  of  the  path 
along  which  the  body  moves. 

25.  Two  spheres,  of  2  and  3  cm.  radius,  are  charged 
respectively  to  potentials  5  and  10  :  what  will  be  their 
common  potential  if  they  are  placed  in  electrical  con- 
nection ? 

26.  An  insulated  spherical  conductor  is  charged  with 
electricity:  how  is  the  charge  distributed  over  its  surface? 

-Sketch  and  describe  the  form  of  the  lines  of  force  and 
the  equipotential  surfaces  in  its  neighbourhood.  Explain 
how  these  and  the  distribution  of  the  charge  will  be 
affected  by  bringing  near  to  the  sphere  an  uncharged 
conductor  (i)  when  the  latter  is  insulated,  (2)  when  it  is 
connected  to  earth. 
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27.  Two  spheres,  of  2  and  6  cm.  radius,  are  charged 
respectively  with  80  and  30  units  of  electricity  :  com- 
pare their  potentials.  If  they  are  connected  by  a  fine 
wire,  how  much  electricity  will  pass  along  it  ? 

28.  Two  small  electrified  spheres  of  the  same  size  are 
placed  at  a  distance  of  4  cm.  apart,  and  the  charge  of 
the  one  is  double  that  of  the  other.  The  two  spheres 
are  brought  into  contact,  and  are  then  removed  to  a 
distance  of  6  cm.  from  one  another :  find  the  ratio  be- 
tween the  repulsive  forces  in  the  two  cases. 

29.  A  charged  sphere  of  radius  r  is  made  to  share 
its  charge  with  a  second  sphere  of  radius  r' ;  prove  that 
the  density  of  the  electrification  on  the  first  is  to  that  on 
the  second  as  r' :  r.      (See  Ex.  10.) 

30.  The  diameters  of  two  spheres  are  4  cm.  and  6 
cm.  respectively,  and  the  potential  of  the  second  is  one- 
third  greater  than  that  of  the  first :  compare  the  surface- 
densities  of  their  charges. 

31.  A  small  sphere,  charged  with  4  units  of  positive 
electricity,  is  12  cm.  from  a  second  insulated  sphere 
charged  with  9  units  of  negative  electricity.  The  second 
sphere  is  removed,  touched  with  an  unelectrified  sphere 
of  one  half  its  diameter,  and  is  then  placed  8  cm.  from 
the  first  sphere.  Prove  that  the  attractive  forces  in  the 
two  cases  are  as  2  :  3. 

32.  A  sphere  of  25  cm.  radius  is  charged  until  its 
surface-density  is  s/tt  :  what  is  its  potential  ? 

33.  A  number  of  small  insulated  spheres  situated  on 
the  circumference  of  a  circle  are  charged  to  different 
potentials  :  prove  that  the  potential  at  the  centre  of  the 
circle  will  not  be  altered  if  all  the  spheres  are  connected 
together  by  fine  wires  whose  capacity  may  be  neglected. 

34.  Two  small  insulated  bodies,  of  capacities  a  and 
^,  receive  charges  A  and  B  respectively.  What  will  be 
their  common  potential  if  they  are  connected  by  a  long 
fine  wire,  and  how  much  electricity  will  flow  along  the 
wire  ? 
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35.  In  the  preceding  question,  find  the  point  on  the 
line  joining  the  two  small  bodies  at  which  the  potential 
is  the  same  before  and  after  contact  is  made  by  means 
of  the  wire. 


Capacity  of  a  Spherical  Air -Condenser. — 
The  capacity  of  a  spherical  air-condenser,  consisting 
of  an  insulated  sphere  of  radius  r,  and  a  concentric 
spherical  shell  of  radius  /,  is  rr'/(r'  -  r). 

For  let  M  (Fig.  5)  be  the  common  centre,  and  suppose 

a  charge  Q  of  positive  electricity  ("  +  Q  ")  to  be  imparted 

to  the  inner  sphere  A.     This 

will  induce  an  equal  negative 

charge,  -  Q,  upon  the  internal 

surface  of  the  outer  spherical 

shell   B.       If  B   is    insulated 

there  will  also  be  a  charge  +  Q 

repelled  to   its  outer  surface, 

but     this     positive      induced 

•jj-  charge    can    be    removed    by 

placing  B  in  contact  with  the 

earth.      The  potential  of  the 

outer    sphere    will     now    be 

zero,    and    so    also    will    be 

the  potential  at  any  external 

point  N. 

For  if  d  be  the  distance  of  N  from  M,  the  potential 

at  N  due  to  the  charge  on  A  (see  p.  192)  is  +  Q/^:  the 

potential  at  N  due  to  the  charge  on  B  is  -  Q/d,  and  the 

sum  of  these  two  quantities  is  zero. 

At  the  surface  of  A  the  potential  due  to  its  own  charge 
is  Q/r,  and  that  due  to  the  charge  on  B  is  -  Q//  (for  the 
potential  due  to  the  charge  on  the  outer  sphere  B  at  any 
point  inside  it  is  constant,  and  is  equal  to  the  potential 
at  the  surface  of  B  due  to  this  charge). 

Thus  the  resultant  potential  of  A  is  Q/r  -  Q//.  The 
capacity  of  the  condenser  is  numerically  equal  to  the 
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charge  required  to  raise  the  potential  of  the  inner  sphere 
from  zero  to  unity,  or 

0  I  r/ 


Q/r-Qy'i/r-iy     I'-r 

Specific  Inductive  Capacity. — The  Specific  Induc- 
tive Capacity  of  a  substance  is  the  ratio  between  the 
capacity  of  a  condenser  containing  the  given  substance 
as  dielectric  and  that  of  an  equal  and  similar  air-condenser. 
If  the  capacity  of  the  latter  be  C,  then  the  capacity  of 
the  former  is  C  =  Qk,  when  k  is  the  specific  inductive 
capacity  of  the  dielectric  which  it  contains.  If  the  con- 
denser consist  of  two  concentric  spherical  surfaces,  the 
full  expression  for  its  capacity  is  C  =  k.rr'j{r'  -r). 

36.  An  uncharged  condenser  containing  a  solid  di- 
electric is  placed  in  electrical  connection  with  an  equal 
and  similar  air-condenser  charged  to  the  potential  V.  If 
the  common  potential  after  sharing  the  charge  is  V, 
what  is  the  specific  inductive  capacity  of  the  dielectric  ? 

If  C  be  the  capacity  of  the  air-condenser,  its  original  charge 
was  Q  =  VC.  The  joint  capacity  of  the  system  after  con- 
nection is  made  is  (C  +  C),  where  C  is  the  capacity  of  the 
uncharged  condenser  ;  and  the  total  charge  is  V  (C  -f  C). 
This  is  also  equal  to  Q,  for  no  electricity  is  supposed  to  be 
lost  in  sharing  the  charge. 

.-.  VC  =  V'(C  +  C'). 

\{k  be  the  specific  inductive  capacity  of  the  dielectric,  C  =  Zk^ 

and  VC  =  V'C(i+/&), 

or  y&  =  (V-V')/V'. 

37.  A  charge  Q  is  imparted  to  an  uninsulated  air- 
condenser  consisting  of  two  concentric  spherical  surfaces 
of  radii  r  and  r' .  Prove  that  at  any  point  between  the 
two  surfaces,  and  at  a  distance  d  from  their  common 
centre,  the  value  of  the  potential  is  Q/^-  Q/r'. 

38.  Find  the  capacity  of  a  spherical  condenser,  the 
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inner  coating  of  which  has  a  diameter  of  60  cm.,  and 
the  dielectric  being  glass  of  specific  inductive  capacity 
6-8  and  thickness  i'5  cm. 

39.  Two  condensers  are  similar  in  every  respect, 
excepting  that  one  contains  air  as  the  dielectric,  and  the 
other  turpentine  of  specific  inductive  capacity  2-16.  If 
a  charge  of  500  units  is  divided  between  them,  what 
charge  will  each  take  ? 

40.  Two  metal  spheres,  whose  radii  are  10  cm.  and 
5  cm.  respectively,  are  connected  by  a  long  fine  wire, 
and  the  smaller  sphere  is  surrounded  by  a  concentric 
spherical  shell  of  5-5  cm.  internal  radius.  If  a  charge 
of  520  units  is  divided  between  them,  what  will  be  the 
charge  and  potential  of  each  ? 

41.  A  condenser  consists  of  two  concentric  spherical 
surfaces  whose  radii  are  100  mm.  and  loi  mm.  re- 
spectively. The  space  between  them  is  filled  with 
sulphur  of  specific  inductive  capacity  3-4.  Find  the 
radius  of  an  insulated  spherical  conductor  which  would 
have  the  same  capacity  as  this  condenser. 

Energy  of  a  Charged  Condenser. — It  follows  from  the 
definition  of  difference  of  potential  that  if  Q  units  of  electricity 
are  transferred  from  a  place  at  which  the  potential  is  V  to 
another  place  at  which  the  potential  is  V,  the  work  done  by  the 
electrical  force  is  Q( V  -  V)  ergs  :  if  V  =  o  (as,  for  example,  if 
the  charge  is  removed  to  an  infinite  distance,  or  allowed  to 
escape  to  earth),  then  the  work  done  is  QV.  But  all  this  is  on 
the  supposition  that  the  potential  at  both  places  remains  constant 
and  is  unaltered  by  the  transference  of  the  charge  ;  which  would 
be  approximately  correct  if  the  charge  were  transferred  from  one 
conductor  of  large  dimensions  (and  therefore  large  capacity)  to 
another  conductor  of  large  dimensions,  such  as  the  earth. 

The  case  is  different  when  the  potential  of  the  charged  body 
is  due  to  its  own  charge  ;  for  if  the  conductor  or  condenser  is  of 
finite  capacity  C,  and  if  a  charge  Q  is  imparted  to  it,  it  is  raised 
to  a  definite  potential  V,  which  is  given  by  the  equation 
C  =  Q/V.  If  the  electricity  is  allowed  to  escape  gradually  to 
earth,  then  as  the  charge  diminishes  from  Q  to  zero,  so  the 
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potential  falls  from  V  to  zero,  the  average  potential  during  the 
process  being  V/2.  It  can  be  proved  that  the  work  done  in  the 
discharge  is  measured,  not  by  the  product  of  the  charge  into  the 
potential,  but  by  the  product  of  the  charge  into  the  average 
potential  during  the  discharge,  and  is  therefore  equal  to  QV/2. 

For  the  discharge  may  be  supposed  to  take  place  by  n  sepa- 
rate steps,  such  that  in  each  of  these  separate  discharges  a 
quantity  q  of  electricity  is  removed.  The  potential  is  Q/C  at 
the  beginning,  and  (Q  -  q)lQ  at  the  end  of  the  first  discharge  ; 
hence  the  work  done  in  this  first  discharge  is  less  than  ^Q/C 
and  greater  than  q{Q  -  q)/C.  The  difference  between  these 
quantities  is  q^/C,  and  the  difference  between  either  of  them  and 
the  correct  expression  for  the  work  done  in  this  partial  dis- 
charge is  /ess  than  g^jC. 

The  potentials  at  the  beginning  of  the  first,  second,  «th  dis- 
charges are  Q/C,  (Q  -  ^)/C,  .  .  .  (Q  -  «  -  i-^)/C  respectively. 
The  amounts  of  work  done  in  these  separate  discharges  may  be 
represented  by  ^Q/C,  g{Q-q)/C,  .  .  .  g{Q  -n-x-  ^)/C  re- 
spectively. If  we  add  together  the  n  terms  so  as  to  find  the 
total  work  done  in  the  discharge,  we  shall  make  an  error  which 
is  less  than  n  x  g^/C.  Now  the  whole  charge  Q  is  equal  to 
n  X  g,  so  that  the  error  is  less  than  ^Q/C  ;  and  if  «  be  made 
very  large  g  becomes  so  small  that  the  quantity  gQ/C  may  be 
neglected. 

The  total  work  done  is 


W 


=  ^{q  +  (Q-^)+  .  .  .  (Q-«-i-?)}» 

lInQ-{i+2+    .  .   .    +;7^)^|. 


C 

Now  the  sum  of  the  first  n  natural  numbers  is  n(n  +  i)/2,  and 
the  sum  of  the  first  («  -  i)  natural  numbers  is  («  -  i)«/2. 

^^""^  w     Q'     {n-i)ng^^Q^      Qg 

C  2C  2C        2C' 

and,  as  we  have  seen,  the  last  term  can  be  neglected  when  n  is 
made  "very  large. 

Since  Q  =  VC,  the  energy  of  the  charge  {i.e.  the  work  done 
in  the  discharge)  is  equal  to  Q2/2C,  or  QV/2,  or  CV2/2. 

The  work  done  against  the  electrical  forces  in  charging  the 
conductor  or  condenser  is  also  equal  to  ^QV.  This  follows 
necessarily  from  the  principle  of  the  conservation  of  energy  :  it 
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may  also  be  proved  independently  by  a  method  similar  to  that 
which  we  have  adopted  above. 

42.  A  Leyden  jar  of  capacity  Cj  is  charged  and  dis- 
charged. It  is  again  charged  to  the  same  potential,  and 
partially  discharged  by  allowing  it  to  share  its  charge 
with  an  empty  jar  of  capacity  Cg.  Lastly,  the  two  jars 
are  separately  discharged.  Compare  the  energies  of  the 
four  discharges. 

The  energy  of  the  original  charged  jar  is  Q2/2  Cj,  Q  denoting 
the  quantity  of  electricity  which  it  contains. 

The  same  quantity  is  next  shared  between  the  two  jars  whose 
joint  capacity  is  Cj  +  Cg,  so  that  their  common  potential 
after  the  charge  is  shared  is  V=:Q/(Cj  + Cg). 

The  energy  of  the  charge  of  the  first  jar  is  now 

2      2VC1+C2/' 

and  that  of  the  second  jar  is 


2  VCi  +  Cg/ 


The  energy  lost  in  the  partial  discharge  {i.e.  in  sharing  the 
charge)  is 

Q^    q  +  c,   /   Q   y^ C2Q2 

2C1  2  •    VCi  +  Cg/         2Ci(Ci  +  C2)' 

Thus  the  energies  of  the  four  discharges,  taken  in  the  order 
in  which  they  occur,  are  as 

q  '  cJcTTcS  ''  (c7Tcj2 '-  (c^ 4-^)2' 

i.e.  as     (Ci  +  Cg)^  :  QIQ^  +  Cg)  :  C^  :  CjCg. 

43.  An  air-condenser,  whose  armatures  are  concentric 
spheres  of  diameter  20  and  24  cm.  respectively,  is 
charged  to  potential  50  :  find  the  work  done  in  charg- 
ing it. 

44.  A  condenser  of  capacity  10  is  raised  to  a  potential 
30  :  what  is  its  charge,  and  how  much  work  is  done  in 
charging  it  ? 
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45.  A  spherical  air-condenser,  the  coatings  of  which 
have  radii  of  16  and  17-5  cm.  respectively,  is  charged 
to  a  potential  1 2,  its  outer  coating  being  in  contact  with 
earth.     Calculate  its  energy. 

46.  Two  insulated  spheres,  of  12  cm.  and  3  cm. 
radius,  are  charged  respectively  with  36  and  24  units  of 
electricity  :  compare  their  potentials,  and  the  energies  of 
their  charges. 

47.  Compare  the  work  done  in  charging  a  Leyden  jar 
of  capacity  30  to  potential  1 5  with  that  required  to 
charge  a  jar  of  capacity  20  to  potential  45. 

48.  The  armatures  of  a  condenser  are  concentric 
spheres  of  diameter  20  and  24  cm.  respectively,  and  the 
space  between  them  is  filled  with  shellac  of  S.I.C.  =  3. 
The  condenser  has  a  charge  of  7560  units.  If  it  is  dis- 
charged in  such  a  way  that  all  the  energy  is  converted 
into  heat,  how  much  heat  will  be  produced  ?  [J  = 
4-2  X  10''.] 

The  capacity  of  the  condenser  is  3  x  10  x  12/2  =  180.     The 

energy  of  its  charge  is  Q2/2  C  =  (7560)2/360  =  1 58760  ergs. 
Let  H  denote  the  amount  of  heat  (in  terms  of  the  calorie  or 

gramme -degree)  resulting  from  the  discharge  :  then  JH 

=  E,  or 

4-2x10^x11=158760, 

and  .-.  H  =  0-00378  calorie. 

49.  The  capacity  of  a  condenser  is  700  ;  to  what 
potential  must  it  be  charged  in  order  that  the  energy  of 
its  discharge  may  be  equivalent  to  one  heat-unit  ? 

50.  Two  equal  and  similar  Leyden  jars  have  their 
outer  coatings  connected  to  earth  :  one  is  uncharged,  the 
other  is  charged  to  potential  V.  Find  the  energy  of 
each  after  the  charge  has  been  shared,  and  show  that 
one-half  of  the  energy  of  the  charged  jar  is  dissipated  in 
the  spark  which  passes  when  their  knobs  are  connected. 

51.  The  coatings  of  a  charged  Leyden  jar  are  con- 
nected with  those  of  an  uncharged  jar  of  double   the 
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capacity.     Compare  the  energy  of  the  system  with  that 
of  the  original  charged  jar. 

62.  What  would  be  the  solution  of  the  preceding 
example  if  the  linear  dimensions  of  the  uncharged  jar 
were  double  those  of  the  charged  jar,  other  things  being 
equal  ? 

63.  A  charged  sphere  of  radius  r  is  made  to  share  its 
charge  with  an  uncharged  sphere  of  radius  /  :  prove 
that  the  energy  of  the  original  distribution  is  to  that  of 
the  final  distribution  as  (r+r')  :  r. 

64.  A  Leyden  jar  is  charged  and  then  connected  up 
with  nine  uncharged  jars  so  as  to  form  a  battery  of  ten 
equal  jars :  show  that  the  energy  of  the  whole  battery  is 
only  one-tenth  that  of  the  single  jar. 

66.  A  condenser  is  charged  to  a  given  potential  and 
then  discharged.  It  is  again  charged  to  the  same  poten- 
tial, and  made  to  share  its  charge  with  another  con- 
denser of  half  its  capacity,  after  which  the  jars  are 
separately  discharged.  Compare  the  energy  of  dis- 
charge in  each  case. 

66.  A  Leyden  jar  is  charged  with  electricity ;  an 
equal  charge  is  imparted  to  a  battery  consisting  of  four 
equal  and  similar  jars,  the  inner  coatings  of  which  are 
connected  together.  Compare  the  energies  of  the  two 
charges. 

67.  The  outer  armatures  of  two  spherical  air-conden- 
sers are  of  the  same  radius,  viz.  20  cm.  The  first  is 
charged,  and  the  radius  of  its  inner  armature  is  i  5  cm. : 
the  second  is  uncharged,  and  its  inner  armature  has  a 
radius  of  18  cm.  Prove  that  if  the  first  condenser  is 
made  to  share  its  charge  with  the  second,  three-fourths 
of  its  energy  will  be  lost. 

68.  A  given  quantity  of  electricity  is  to  be  shared 
between  a  number  of  conductors  of  different  capa- 
cities. Prove  that  the  energy  of  the  system  is  a  mini- 
mum when  all  the  conductors  are  charged  to  the  same 
potential. 
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EXAMINATION   QUESTIONS. 

59.  Define  the  potential  and  the  capacity  of  a  charged 
conductor.  Two  insulated  hollow  conducting  spheres  of 
radii  a  and  b  {a>  b)  are  charged  at  a  considerable  dis- 
tance from  one  another  to  potentials  A  and  B.  The 
larger  is  then  opened  and  the  other  is  put  inside  and 
allowed  to  touch.  Determine  the  potentials  of  the 
spheres  and  the  quantities  of  electricity  in  each. 

Edinb.  M.A.  1884. 

60.  Of  two  similar  metal  discs  A  and  B^  placed  par- 
allel to  each  other,  A  is  connected  with  a  gold-leaf 
electroscope,  and  B  with  the  gas-pipes.  A  small  charge 
of  electricity  is  given  to  A,  and  the  leaves  of  the  electro- 
scope diverge.  When  a  slab  of  sulphur  is  introduced 
between  the  discs,  the  divergence  diminishes.  But  if  B 
be  insulated  and  charged,  while  A  is  charged  only  by 
induction,  the  introduction  of  the  sulphur  causes  an  in- 
crease of  the  divergence.     Explain  these  experiments. 

Prel.  Sc.  1887. 

61.  Two  small  equal  spheres,  A  and  B,  placed  with 
their  centres  at  a  distance  of  i  metre  apart,  are  charged 
with  25  and  -25  units  of  electricity  respectively.  Find 
the  direction  and  magnitude  of  the  resultant  electric  force 
at  a  point  i  metre  from  each  of  the  spheres.  Find  also 
the  electric  potential  at  the  same  point. 

Prel.  Sc.  1888. 

62.  Assuming  that  the  quantity  of  electricity  produced 
by  a  plate  machine  is  proportional  to  the  number  of  turns 
of  the  disc,  explain  how  the  capacities  of  two  condensers 
may  be  compared.  Int.  Sc.  1883. 

63.  A,  B,  and  C  are  three  Leyden  jars,  equal  in  all 
respects.  A  is  charged,  made  to  share  its  charge  with 
B,  and  afterwards  share  the  remainder  with  C,  both  B 
and  C  being  previously  without  charge.  The  three  jars 
are  now  separately  discharged.      Compare  the  quantity 
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of  heat  resulting  from  each  discharge  with  what  would 
have  been  produced  by  the  discharge  of  A  before  any- 
sharing  of  its  charge.  Int.  Sc.  1884. 

64.  What  must  be  the  velocity  of  a  bullet  of  i  5  gm. 
that  its  kinetic  energy  may  be  equal  to  the  electric 
energy  of  a  globular  flask  of  8  cm.  radius,  half  filled  with 
oil  of  vitriol  and  half  immersed  in  oil  of  vitriol,  the  glass 
being  0-05  cm.  thick,  its  specific  inductive  capacity  =  6, 
the  liquid  inside  being  at  potential  300,  and  the  liquid 

outside  at  potential  700  ?  int.  Sc.  Honours  1884. 

Q5.  Explain  the  action  of  the  attracted  disc  electro- 
meter. A  circular  plate  connected  with  the  earth,  5  cm. 
in  radius,  hangs  from  a  balance  at  a  distance  of  -5  cm. 
above  an  equal  horizontal  disc  which  is  insulated.  On 
electrifying  the  lower  disc,  a  mass  of  8  gm.  has  to  be 
placed  in  the  other  pan  of  the  balance  to  maintain  equi- 
librium. Find  the  potential  of  the  lower  disc.  In  what 
units  is  your  answer  expressed  ?  int.  Sc.  Honours  1887. 


CHAPTER  X 

CURRENT  ELECTRICITY  - 

Ohm's  La'W. — The  current  which  flows  along  any  con- 
ductor is  directly  proportional  to  the  electromotive  force 
(or  difference  of  potential)  between  its  ends,  and  is 
inversely  proportional  to  its  resistance.  Thus  if  C  de- 
note the  current  and  E  the  electromotive  force  (or 
E.M.F.), 

Coc-,  orC  =  /&— , 

R  being  the  resistance  of  the  conductor,  and  k  a 
constant. 

If  we  agree  to  define  the  resistance  of  a  conductor  as 
being  the  ratio  between  the  E.M.F.  along  it  and  the 
current  thereby  produced  (R  =  E/C),  the  constant  k 
becomes  equal  to  unity,  and  Ohm's  law  may  be  ex- 
pressed by  the  equation 

This  equation  holds  good  when  C,  E,  and  R  are  ex- 
pressed in  terms  of  the  C.G.S.  electromagnetic  units 
defined  on  p.  5,  and  also  when  these  three  quantities  are 
expressed  in  terms  of  the  so-called  practical  units  (current 
in  amperes,  E.M.F.  in  volts,  and  resistance  in  ohms). 

1.  An  incandescent  lamp  takes  a  current  of  0-7 
ampere,  and  the  E.M.F.  between  its  terminals  is  found 
to  be  98  volts  :  what  is  its  resistance  ? 
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Since  C  is  expressed  in  amperes  and  E  in  volts,  the  resistance 
of  the  lamp,  in  ohms,  will  be  given  by  the  equation 

R  =  E/C  =  98/o.7=i40. 

2.  The  E.M.F.  of  a  battery  (or  difference  of  potential 
between  its  poles  on  open  circuit)  is  i  5  volts  :  when  the 
poles  are  connected  by  a  copper  wire  a  current  of  1-5 
ampere  is  produced,  and  the  potential  difference  between 
the  battery  poles  falls  to  9  volts.  Find  the  resistance 
of  the  wire  and  the  internal  resistance  of  the  battery. 

The  resistance  (R)  of  the  wire  is  the  ratio  of  the  difference  of 
potential  between  its  ends  (9  volts)  to  the  current  thereby 
produced  (1-5  ampere), 

i,e.  R  =  V/C  =  9/1.5  =  6  ohms. 

Notice  that  9  volts  is  the  potential  difference  causing  the  flow 
of  current  through  the  wire  of  resistance  to  6  ohms  ;  the  total 
E.M.F.  acting  round  the  circuit  is  15  volts.  Call  this  E, 
and  the  resistance  of  the  battery  B  :  applying  Ohm's  law 
to  the  complete  circuit,  we  have  E  =  C(B  +  R), 

i.e.  i5  =  i.5(B  +  6)=i.5B  +  9, 

and  B  =  6/1  •  5  =  4  ohms. 

3.  The  wire  used  on  Indian  telegraph  lines  is  iron 
wire  of  No.  2  B.W.G.,  having  a  resistance  of  4-6  ohms 
per  mile.  The  batteries  consist  of  Minotto  cells  of  1-04 
volt  E.M.F.  and  30  ohms  resistance  per  cell.  Assum- 
ing that  the  resistance  of  the  instruments  is  80  ohms, 
and  that  a  current  of  8  milli-amp^res  is  required  to  work 
them,  find  how  many  cells  should  be  employed  on  a 
line  200  miles  in  length. 

If  n  be  the  number  of  cells  required,  the  E.M.F,  of  the 
battery  is  i  .04  n  volt,  and  its  internal  resistance  is  30  n 
ohms.  The  resistance  of  the  line  is  4'6  x  200  =  920  ohms, 
and  that  of  the  instruments  is  80  ohms  ;  the  total  external 
resistance  (assuming  that  of  the  return  circuit  through  the 
earth  to  be  negligible)  is  looo  ohms. 
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A  niilli-ampire  is  one-thousandth  of  an  ampere,  so  that  the 
required  current  is  o-oo8  ampere.     By  Ohm's  law, 

C  =  I  -04  w/(30  n  +  1000),  and  this  =  0-008, 

.*.  1-04  «  =  o-24  «  +  8, 

i.e.  0'8  «  =  8,  and  «  =  10. 

4.  A  current  of  8-5  amperes  flows  through  a  con- 
ductor, the  ends  of  which  are  found  to  have  a  difference 
of  potential  of  24  volts  :  what  is  its  resistance  ? 

6.  If  an  incandescent  lamp  of  80  ohms  resistance 
takes  a  current  of  0-75  ampere,  what  E.M.F.  is  required 
to  work  it  ? 

6.  A  glow  lamp  takes  a  current  of  1-32  ampere  and 
the  E.M.F.  between  its  terminals  is  found  to  be  66  volts  : 
what  is  its  resistance  while  hot .? 

7.  A  battery  consists  of  5  Daniell  cells,  each  having 
an  E.M.F.  of  i-o8  volt  and  an  internal  resistance  of  4 
ohms  :  what  current  will  the  battery  produce  with  an 
external  resistance  of  7  ohms  ? 

8.  You  are  required  to  send  a  current  of  2  amperes 
through  an  electromagnet  of  3-5  ohms  resistance,  and 
are  supplied  with  a  number  of  Grove  cells  each  of  1-9 
volt  E.M.F.  and  0-25  ohm  internal  resistance:  how 
many  cells  are  required  ? 

9.  One  end  (A)  of  a  wire  ABC  is  connected  to 
earth  ;  the  other  end  (C)  is  kept  at  a  constant  potential 
of  100  volts.  If  the  resistance  of  the  portion  AB  is 
9.6  ohms  and  that  of  BC  2-4  ohms,  what  current  will 
flow  along  the  wire,  and  what  will  be  the  potential  of 
the  point  B  ? 

10.  A  Bunsen  cell  has  an  internal  resistance  of  0-3 
ohm  and  its  E.M.F.  on  open  circuit  is  i-8  volt.  The 
circuit  is  completed  by  an  external  resistance  of  i-2  ohm  : 
find  the  current  produced  and  the  difference  of  potential 
which  now  exists  between  the  terminals  of  the  cell. 
[See  Ex.  2.] 

11.  On  adding  3  ohms  to  the  resistance  of  a  certain 
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circuit  the  current  is  diminished  in  the  ratio  of  6  to  5  : 
what  was  the  original  resistance,  and  how  much  should 
be  added  to  this  in  order  to  bring  the  current  down  to 
half  its  original  value  ? 

12.  How  many  cells,  each  of  i-8  volt  E.M.F.  and  i-i 
ohm  internal  resistance  will  be  required  to  send  a  cur- 
rent of  0.5  ampere  through  an  external  resistance  of  50 
ohms  ? 

13.  Four  Grove  cells,  each  having  a  resistance  of 
0-25  ohm,  are  connected  up  with  an  electromagnet  of 
5  ohms  resistance,  and  the  current  has  only  half  the 
required  strength :  how  many  additional  cells  of  the 
same  kind  must  be  used  to  produce  the  desired  effect  ? 

14.  Two  cells,  of  E.M.F.  i-8  volt  and  1-08  volt  respec- 
tively, are  placed  in  a  certain  circuit  in  opposition  (z>. 
with  their  poles  in  such  positions  that  the  cells  tend  to 
send  currents  in  opposite  directions).  The  current  is 
found  to  be  0-4  ampere  :  what  current  will  be  produced 
if  the  cells  are  placed  properly  in  series  ? 

15.  The  poles  of  a  battery  of  5  cells  are  connected 
by  a  wire  8  metres  long,  having  a  resistance  of  0-5  ohm 
per  metre;  each  cell  has  an  E.M.F.  of  1.4  volt  and  a 
resistance  of  2  ohms  :  find  the  distance  between  two 
points  on  the  wire  such  that  the  E.M.F.  between  these 
points  is  I  volt. 

16.  The  poles  of  a  battery  of  4  cells  are  connected 
by  a  wire  8  ft.  in  length,  and  the  resistance  of  each  cell 
of  the  battery  is  equal  to  that  of  i  foot  of  the  wire. 
Compare  the  E.M.F.  acting  along  a  portion  of  the  wire, 
3  ft.  in  length,  with  the  E.M.F.  of  a  single  cell  on  open 
circuit. 

17.  A  current  is  sent  by  a  battery  of  constant  E.M.F. 
(i)  through  a  resistance  of  20  ohms,  (2)  through  a  wire 
of  unknown  resistance,  and  (3)  through  a  resistance  of 
40  ohms.  The  currents  produced  are  in  the  ratio  of 
10:9:8;  find  the  resistance  of  the  battery  and  that  of 
the  wire. 
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18.  The  poles  of  a  battery  consisting  of  40  Daniell 
cells  in  series  are  connected  by  a  resistance  of  280  ohms, 
and  the  current  produced  is  0-0535  ampere;  when  the 
external  resistance  is  increased  to  1080  ohms  the  cur- 
rent is  reduced  to  one  half:  find  the  average  resistance 
and  E.M.F.  of  each  cell  of  the  battery,  and  determine 
the  difference  of  potential  existing  between  the  poles  of 
the  battery  when  the  external  resistance  is  280  ohms. 

19.  A  Bunsen  cell  of  i-8  volt  E.M.F.  and  a  Plants 
cell  (or  accumulator)  are  connected  up  with  a  resistance 
of  400  ohms,  the  cells  being  in  opposition,  and  the 
strength  of  the  current  is  observed.  On  rearranging  the 
cells,  so  that  they  tend  to  send  currents  in  the  same 
direction,  it  is  found  that  the  resistance  has  to  be  in- 
creased to  4000  ohms  in  order  to  reduce  the  current  to 
its  former  value.  Assuming  that  the  resistances  of  the 
cells  may  be  neglected,  find  the  E.M.F.  of  the  accumula- 
tor and  the  current  produced. 

20.  With  an  external  resistance  of  9  ohms  a  certain 
battery  gives  a  current  of  0-43  ampere  :  when  the  ex- 
ternal resistance  is  increased  to  32  ohms  the  current 
falls  to  o«2  ampere.  What  is  the  resistance  of  the 
battery  ? 

21.  The  external  resistance  in  a  certain  circuit  is  two- 
thirds  that  of  the  battery  :  what  change  will  be  produced 
in  the  current  by  reducing  the  internal  resistance  to  half 
its  former  value,  the  E.M.F.  remaining  unchanged  ? 

22.  A  No.  7  Brush  dynamo  gives  an  E.M.F.  of  830 
volts  when  running  at  the  rate  of  750  revolutions  per 
minute,  and  its  internal  resistance  is  1 1  ohms  :  show 
that  such  a  machine  can  supply  16  arc  lamps  in  series, 
each  lamp  offering  a  resistance  of  4-5  ohms  and  requir- 
ing a  current  of  10  amperes. 

23.  The  instruments  on  a  telegraph  circuit  have  a 
resistance  of  230  ohms,  and  the  line  itself  offers  a  resist- 
ance of  1 3  ohms  per  mile  :  how  many  Daniell  cells,  each 
of  E.M.F.  =  I  -06  volt  and  internal  resistance  =  4  ohms, 

P 
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will  be  required  to  send  a  current  of  lo  milli-amp^res 
through  I  oo  miles  of  such  a  line  ? 

24.  The  current  along  a  telegraph  line  is  tested  at 
two  stations  whose  respective  distances  from  the  sending 
battery  are  50  and  150  miles.  The  current  in  the  latter 
case  is  one-half  that  in  the  former.  If  the  galvanometer 
has  a  resistance  equal  to  that  of  15  miles  of  the  line 
wire,  prove  that  the  battery  resistance  is  equal  to  that 
of  35  miles  of  wire. 

Resistance. — The  resistance  of  a  conductor  (of  uni- 
form section)  is  directly  proportional  to  its  length  and 
inversely  proportional  to  the  area  of  its  cross-section. 

If /j  and  /g  are  the  lengths  of  two  uniform  conductors 
made  of  the  same  material,  j^  and  s^  the  areas  of  their 
cross -sections,  the  ratios  of  their  resistances   (Rj   and 

R2      /2/J2      ^2^1    * 


I 


(I) 


If  the  conductors  are  cylindrical  wires  of  radii  r^  and 


^2  respectively,  then  s^  =  -kv^^  and  s^  =  irr^^ 


Ro 


(2) 


The  resistance  of  a  conductor  further  depends  upon 
the  material  of  which  it  is  made.  The  specific  resistance 
of  a  substance  in  the  C.G.S.  system  is  defined  to  be  the 
resistance  between  the  opposite  faces  of  a  cube,  i  cm.  in 
the  side,  made  of  the  substance. 

If  p  be  the  specific  resistance  of  a  conductor  of  length 
/  and  cross -section  j,  its  resistance,  in  C.G.S.  units^  is 
px  Ijs  '.  expressed  in  ohns  its  resistance  is  px  Ijs  x  i  o^, 
for  one  ohin=  10^  C.G.S.  units  of  resistance  (p.  6). 

If  the  conductor  is  a  cylindrical  wire  of  radius  r  its 
resistance  is 

R  =  p//7rr2        .  .  .  .       (3) 
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Table  of  (CG.S.)  Specific  Resistances. 


Silver 

1,520 

Copper 

1,600 

Aluminium 

2,900 

Platinum  . 

9,000 

Iron 

9,700 

Lead 

19,500 

Mercury    . 

•        94,340 

The  numbers  in  the  above  table  are  only  given  for  the  pur- 
poses of  calculation,  as  representing  approximately  the  specific 
resistances  of  pure  metals  at  0° :  the  resistance  of  a  conductor 
depends  to  some  extent  upon  its  physical  state,  and  commercial 
metals  usually  contain  impurities  which  considerably  increase 
their  resistance. 

The  specific  resistance  of  a  metal  can  be  determined  by 
measuring  the  resistance  of  a  length  /  of  wire  made  of  the  metal 
and  then  finding  its  diameter :  this  can  be  done  directly  by  a 
micrometer  wire-gauge,  or,  more  accurately,  by  weighing  the 
wire  in  air  and  in  water  so  as  to  find  its  mass  m  and  density  5. 
The  cross  -  section  of  the  wire  is  then  given  by  the  equation 
{irr^)/8  =  m,  from  which  we  have  vr^  =  m//8. 

By  equation  (3)  the  resistance  of  the  wire  is  R  =  p.//7rr2, 

and  p  =  wR//25   i    '         *         *  '     ^^' 

If  Rj  and  Rg  are  the  resistance  of  two  wires  made  of  the 
same  substance,  /^  and  /g  their  lengths,  Wj  and  m^  their  masses, 
then 

Rg    V/^/g    V^'i  •         •         •         •     ^5; 

25.  Find  the  resistance  at  25°  of  a  copper  wire  10 
metres  long  and  i  mm.  in  diameter.  The  resistance  of 
copper  increases  by  0-39  per  cent  for  each  degree  rise 
in  temperature. 

The  resistance  of  the  wire  at  0°  is 

R„=  1600  X  iooo/tt  X  (0-05)2, 

=  2-037  X  lo^  CG.S.  units  =  0-2037  ohm. 
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At  25°  the  resistance  is 

R25  =  0'2037(i  +0*0039  X  25)  =  0-2236  ohm; 

26.  A  uniform  glass  tube  92- 1  cm.  in  length  was 
filled  with  mercury,  and  the  resistance  of  the  column  of 
mercury  was  measured  and  found  to  be  1-059  ohm  ;  the 
weight  of  the  mercury  contained  in  the  tube  was  10-15 
gm.  Calculate  from  this  experiment  the  specific  resist- 
ance of  mercury,  taking  its  sp.  gr.  as  13-6. 

Expressed  in  C.G.S.  units  the  resistance  of  the  column  is 
1-059  X  10^,  and  therefore  by  equation  (4)  the  specific 
resistance  is 

P=iO'is  X  1-059  X  107(92. i)2x  I3'6  =  93i77- 

27.  Two  wires  of  the  same  length  and  material  are 
found  to  have  resistances  of  4  and  9  ohms  respectively : . 
if  the  diameter  of  the  first  is  i  mm.,  what  is  the  diameter 
of  the  second  ? 

28.  The  resistance  of  a  bobbin  of  wire  is  measured 
and  found  to  be  68  ohms  :  a  portion  of  the  wire  2  metres 
in  length  is  now  cut  off,  and  its  resistance  is  found  to  be 
0-75  ohm.  What  was  the  total  length  of  wire  on  the 
bobbin  ? 

29.  Compare  the  resistances  of  two  wires  A  and  B, 
given  that  they  are  of  the  same  weight  and  material,  but 
that  B  is  nine  times  as  long  as  A. 

30.  Copper  wire  one-twelfth  of  an  inch  in  diameter 
has  a  resistance  of  8  ohms  per  mile  :  what  is  the  resist- 
ance of  a  mile  of  copper  wire  the  diameter  of  which  is 

31.  Calculate  the  resistance  of  a  lead  wire  5  metres 
long  and  i  mm.  in  diameter. 

32.  If  copper  wire  of  No.  21  B.W.G.  (diameter 
=  0-032  in.)  has  a  resistance  of  54  ohms  per  mile,  what 
is  the  resistance  of  a  mile  of  No.  1 3  copper  wire  (dia- 
meter =0-096  in.)?. 

33.  A  mile  of  telegraph  wire  2  mm.  in  diameter  offers 
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a  resistance  of  1 3  ohms  ;  what  is  the  resistance  of  440 
yards  of  wire  o-8  mm.  in  diameter  made  of  the  same 
material  ? 

34.  The  resistance  at  0°  of  a  column  of  mercury  i 
metre  in  length  and  i  sq.  mm.  in  cross-section  is  called 
a  "  Siemen's  Unit."  Find  the  value  of  this  unit  in  terms 
of  the  ohm. 

35.  Copper  wire  of  No.  20  on  the  new  standard  wire- 
gauge  has  a  resistance  of  0-026  ohm  per  metre,  and 
weighs  5-84  gm.  per  metre  :  what  is  the  resistance  of 
a  metre  of  No.  32  S.  W.  G.  copper  wire  weighing 
0-524  gm.? 

36.  Compare  the  resistances  of  two  wires,  one  of  which 
weighs  20-5  gm.  and  is  4-5  metres  long,  while  the  other 
weighs  82  gm.  and  is  18  metres  long. 

37.  A  trough  2  cm.  deep  and  2-5  cm.  broad  is  cut  in 
a  wooden  board.  The  trough  is  2  metres  long  and  is 
half  filled  with  mercury :  find  the  resistance  between  its 
ends. 

38.  What  length  of  platinum  wire  i  mm.  in  diameter 
is  required  in  order  to  make  a  i-ohm  resistance  coil  ? 

39.  A  wire  w  metres  in  length  and  i/«th  of  a  milli- 
metre in  diameter  is  found  to  have  a  resistance  r  :  what 
is  the  specific  resistance  of  the  material  of  which  it  is 
made  ? 

40.  Find  the  resistance  of  an  iron  wire  ABC  which 
consists  of  two  parts,  the  first  (AB)  being  60  cm.  long 
and  I  mm.  in  diameter,  and  the  second  (BC)  being  3 
metres  long  and  1-6  mm.  in  diameter. 

41.  The  poles  of  a  battery  are  connected  by  a  wire 
whose  resistance  is  equal  to  that  of  the  battery,  and  the 
poles  of  a  second  exactly  similar  battery  are  connected 
by  a  wire  of  the  same  weight  and  material,  but  three 
times  as  long  as  the  first.  Compare  the  currents  in  the 
two  cases. 

42.  Find  the  length  of  an  iron  wire  one-twentieth  of 
an  inch  in  diameter  which  will  have  the  same  resistance 
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as  a  copper  wire  one-sixtieth  of  an  inch  in  diameter  and 
720  yards  long,  the  conducting  power  of  copper  being 
six  times  that  of  iron. 

43.  Express  in  microhms  (or  millionths  of  an  ohm) 
the  resistance  of  a  strip  of  silver  10  cm.  long,  0-5  cm. 
broad,  and  O'l  mm.  thick. 

44.  A  wire  made  of  platinoid  (German-silver  contain- 
ing a  small  percentage  of  tungsten)  is  found  to  have  a 
resistance  of  0-203  ohm  per  metre.  The  cross-section 
of  the  wire  is  o-oi6  sq.  cm.:  express  the  specific  resist- 
ance of  platinoid  in  microhms. 

45.  The  density  of  aluminium  is  2-7:  what  is  the 
resistance  of  an  aluminium  wire  i  metre  long  and  weigh- 
ing I  gm..? 

46.  The  central  conductor  ot  the  Bessbrook  and 
Newry  electrical  tramway  is  made  of  steel  having  a 
specific  resistance  of  0-0000121  ohm,  and  costing 
;^7  :  I  OS.  per  ton  :  high  conductivity  copper  of  0-0000016 
ohm  specific  resistance  would  have  cost  £84  per  ton. 
The  cross-section  of  the  steel  conductor  was  8-817  sq. 
cm. :  calculate  the  cross-section  of  a  copper  conductor  of 
the  same  resistance,  and  show  that  it  would  have  cost 
half  as  much  again  as  the  steel  conductor. 

The  Tangent  Galvanometer. — A  tangent  galvan- 
ometer consists  of  a  circular  coil  of  wire  placed  with  its 
plane  in  the  magnetic  meridian,  and  at  the  centre  of 
which  is  suspended  a  small  magnetic  needle. 

The  force  exerted  by  a  current  flowing  through  the 
coil  upon  a  magnet  pole  placed  at  (or  very  near  to)  its 
centre  is  directly  proportional  to  the  current -strength, 
the  total  length  of  the  coil  and  the  strength  of  the  pole, 
and  is  inversely  proportional  to  the  square  of  the  dis- 
tance between  each  element  of  the  circuit  and  the  pole. 
Let  r  be  the  radius  of  the  coil,  n  the  number  of  turns, 
and  m  the  pole-strength  of  the  magnet :  then  if  the 
current  C  is  expressed  in   terms  of  the  C.G.S.  electro- 


X] 


THE  TANGENT  GALVANOMETER 


215 


magnetic  unit  (as  defined  on  p.  5),  the  force  exerted 
upon  each  pole  of  the  magnet  is  equal  to  iTvnry.  Cmjr^ 
=  2TrnCm/r. 

Suppose  the  needle  to  be  deflected  through  an  angle  S 
from  the  magnetic  merid- 
ian NS  (see  Fig.  6)  so  as 
to  he  along  •  AB.  It  is 
acted  upon  by  a  deflecting 
couple  due  to  the  equal 
forces  at  A  and  B  (along 
RA  and  TB  respectively), 
and  the  arm  of  this  couple 
is  RT,  which  is  equal  to 
/cos  8,  /  being  the  length 
AB  of  the  needle.  Thus 
the  moment  of  the  deflect- 
ing couple  is 

2TrnCm  x  /cos  S/r. 

The   earth's  field   acts 
upon    each    pole    with    a 
force  ;«Hi   in   the   direc- 
tion of  the  arrows  :  the  arm  of  this  directive  couple  is 
PQ  =  /  sin  8,  and  its  moment  is  ;«H  x  /  sin  8. 

For  equilibrium  these  moments  must  be  equal,  or 


and 


2irnCmJcos  5lr=niYi..lsm  8, 

.  • .  C  = •  H  tan  5 

27r« 


.     (6) 


The  quantity  rH/2  7r;/,  by  which  the  tangent  of  the 
deflection  has  to  be  multiplied  in  order  to  obtain  the 
current-strength,  may  be  called  the  reduction-factor  of 
the  galvanometer  :  but  we  shall  use  this  term  to  denote 
the  value  of  the  quantity  k  in  the  equation  Q  —  k.  tan  8, 


1  The  letter  H  is  the  symbol  usually  adopted  for  representing  the  horizon- 
tal intensity  of  the  earth's  magnetic  force. 
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where  the  current  C  is  understood  to  be  expressed  in 
amperes  mstesid  of  C.G.S.  units. 

47.  A  current  of  0-85  ampere  flows  through  a  tan- 
gent galvanometer  consisting  of  three  turns  of  wire,  each 
of  30  cm.  diameter  :  what  is  the  strength  of  the  field  due 
to  the  circular  current  at  its  centre  ?  If  the  value  of  H 
at  the  place  is  O'ly,  through  what  angle  will  the  needle 
be  deflected  ? 

The  strength  of  the  field  produced  by  the  current  is  measured 
by  the  force  which  would  be  experienced  by  a  unit  magnetic 
pole,  and  this  by  the  preceding  paragraph  is  2  7r«C/r. 
Since  an  ampere  is  one-tenth  of  the  C.G.S.  unit  of  current, 
the  required  strength  of  field  is  27r  x  3  x  0-085/15  =  0'io68. 

By  equation  (6) 

^     2irn      C      2irX3     0-085  ^    o 

tan  5  = .  —  = =^x ^  =  0-628. 

r        H         15  0-17 

Referring  to  the  table  of  tangents  we  see  that  since  tan 
39°  =  0-629,  the  angular  deflection  will  be  nearly  39°. 

48.  The  same  current  is  sent  through  two  concentric 
circular  wires  of  i  and  3  decimetres  radius  respectively, 
and  a  small  magnet  is  suspended  at  their  common 
centre.  The  currents  flow  in  opposite  directions  :  com- 
pare their  joint  effect  upon  each  pole  of  the  magnet  with 
that  produced  by  a  single  coil  of  2  decimetres  radius 
traversed  by  the  same  current. 

The  force  due  to  the  coil  of  I  dcm.  radius  is/=2  7rCw/io, 

and  that  due  to  the  coil  of  3  dcm.  radius  is /' =  2  7rCw/30. 

Their  joint  effect  (since  the  forces  act  in  opposite  directions)  is 


I  10     30  / 


2 

x  — . 
30  J  30 


The  force  due  to  the  coil  of  2  dcm.  radius  is  Y'  =  2irCmj20. 

Thus  F:  F  =  —  :  —  =4  :  3. 

30     20     ^     "^ 

[This  is  not  the  ratio  of  the  defections.     If  the  deflections  are  5 
and  5'  respectively,  then  tan  5  :  tan  5'  =  4  :  3.] 
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49.  Find  the  strength  of  a  current  which  produces  a 
deflection  of  45°  in  a  tangent  galvanometer  consisting  of 
a  single  copper  rod  bent  into  a  circle  of  40  cm.  diameter. 
[H  =  o.i7.] 

50.  A  current  of  0-04  ampere  flows  through  a  circular 
coil  of  wire  consisting  of  3  turns,  each  2  dcm.  in  dia- 
meter :  what  force  will  be  exerted  by  the  current  upon  a 
magnetic  pole  of  strength  i  o  placed  at  the  centre  of  the 
coil  ? 

61.  A  battery  is  connected  up  in  series  with  a  known 
resistance  R  and  a  tangent  galvan- 

ometer    of    resistance    G    (Fig.    7).    ^^ 1 

The  deflection  of  the  galvanometer 
needle  is  a:  on  increasing  the  known 
resistance  to  R'  the  deflection  falls 
to  a.'  Show  that  the  internal  resist- 
ance of  the  battery  is  given  by 
the  equation  ~    '   pjg  ^ 

„     R'  tan  a'  -  R  tan  a      „ 
tan  a  -  tan  a 

52.  Calculate  the  internal  resistance  of  a  Grove's  cell 
from  the  following  data,  obtained  by  the  method  of  Ex. 
sot- 
Resistance  of  Galvanometer  =  0' 1 02  ohm. 

(i)  R  =2  ohms,     a  =53°. 
(2)  R'  =  S  ohms,     a' =30°. 

53.  What  does  the  equation  in  Ex.  50  reduce  to  when 
the  second  deflection  indicates  a  current  of  one-half  the 
original  strength  ? 

A  current  from  a  battery  of  4  Daniell  cells  was  sent 
through  a  resistance-box  and  a  tangent  galvanometer  of 
negligible  resistance.  With  a  resistance  of  58  ohms  a 
deflection  of  5^°  was  obtained,  and  when  the  resistance 
was  increased  to  131  ohms  the  deflection  fell  to  35j°. 
Find  the  resistance  of  the  battery,  given  that  tan  55° 
=  2tan35j°. 
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64.  A  Minotto  cell  gave  the  following  results,  accord- 
ing to  the  method  of  Ex.  50  : — 

(1)  R  =37  ohms,        a  =55% 

(2)  R'=I5I  ohms,     a' =  35^°. 

'  Resistance  of  Galvanometer  =  36  ohms. 

What  was  the  resistance  of  the  cell  ? 

65.  A  deflection  a  is  obtained  with  a  tangent  galvan- 
ometer G  connected  up  as  in  Fig.  7  with  a  battery  B  and 
a  known  resistance  R.  When  R  is  replaced  by  a  wire 
of  unknown  resistance  the  galvanometer  deflection  is  a  : 
show  that  the  value  of  the  unknown  resistance  is 
(tan  a/tan  a')(B  -j-  G  4-  R)  -  (B  -f-  G). 

66.  Two  single  concentric  circles  of  wire  are  placed 
with  their  planes  in  the  magnetic  meridian,  and  a  small 
magnet  carrying  a  mirror  is  suspended  at  their  common 
centre.  The  same  current  is  sent  through  both  circles 
successively,  and  the  deflections  of  the  spot  of  light  are 
40  and  65 :  find  the  ratio  of  the  diameters  of  the  circles. 

57.  The  terminals  of  a  battery  are  connected  by  a  wire 
I  o  ft.  long ;  the  wire  is  wrapped  once  round  the  frame 
of  a  tangent  galvanometer  and  a  certain  deflection  is 
produced.  The  wire  is  now  removed  and  replaced  by 
another  piece  of  the  same  wire  50  ft.  long.  It  is  found 
that  this  second  wire  has  to  be  coiled  three  times 
round  the  galvanometer  frame  in  order  to  produce  the 
same  deflection.  Prove  that  the  resistance  of  the  battery 
is  equal  to  that  of  i  o  feet  of  the  wire. 

58.  A  tangent  galvanometer  has  two  coils,  one  a  thick- 
wire  coil  of  resistance  G,  the  other  a  thin-wire  coil  of 
resistance  G',  and  the  ratio  of  the  reduction-factors  (see 
p.  215)  of  the  two  coils  is  R.  When  the  first  coil  is  con- 
nected up  through  an  unknown  resistance  with  a  battery 
of  constant  E.M.F.  and  negligible  resistance,  a  deflection  a 
is  produced  ;  and  when  it  is  replaced  by  the  second  coil 
the  deflection  is  a.  Prove  that  the  unknown  resistance  is 
equal  to  (RG  -  R'G')/(R'  -  R),  where  R'  =  tan  a'/tan  a. 

59.  The  battery  used  on  a  certain  telegraph  line  has 
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a  resistance  equal  to  that  of  30  miles  of  the  line  wire. 
The  current  is  tested  at  a  station  120  miles  from  the 
battery  by  a  galvanometer  wound  with  twenty  turns  of  wire 
having  the  same  resistance  per  metre  as  the  line  wire. 
Show  that  in  order  to  obtain  the  same  deflection  at  a 
distance  of  270  miles  from  the  battery  the  number  of 
turns  of  wire  on  the  galvanometer  would  have  to  be 
doubled.  (Neglect  the  resistance  of  the  return  circuit 
through  earth,  and  assume  that  the  coils  of  wire  on  the 
galvanometer  have  the  same  radius  throughout.) 

60.  The  current  from  a  battery  is  sent  through  a 
tangent  galvanometer,  the  reduction -factor  (p.  215)  of 
which  is  k^  and  it  produces  a  deflection  a  :  when  an  ad- 
ditional resistance  r  is  introduced  into  the  circuit  the 
deflection  falls  to  a'.  Show  that  the  E.M.F.  of  the 
battery  is  equal  to  kr .  tan  a  .  tan  a'/  (tan  a  -  tan  a'). 

61.  The  poles  of  a  battery  of  negligible  resistance  are 
connected  by  a  tangent  galvanometer  of  resistance  G 
and  a  wire  of  unknown  resistance.  A  deflection  a  is 
produced  :  on  increasing  the  resistance  of  the  circuit  by 
a  known  amount  R,  the  deflection  is  diminished  to  fi. 
Show  that  the  resistance  of  the  wire  is  equal  to 

R  tan  j3/(tan  a  -  tan  ^3)  -  G. 

Electrolysis. — The  weight  of  an  element  which  is 
set  free  by  electrolysis  in  one  second  by  a  current  of 
unit  strength  is  called  the  electro-chemical  equivalent  of 
that  element.  In  giving  the  value  of  the  electro-chemical 
equivalent  of  an  element  it  is  necessary  to  state  whether 
the  current  strength  is  expressed  in  C.G.S.  units  or 
amperes.  According  to  Lord  Rayleigh's  experiments  a 
current  of  one  ampere  deposits  o-ooiii8  gm.  of  silver, 
or  0-0003296  gm.  of  copper  per  second. 

The  weight  of  an  element  which  is  set  free  by  a  cur- 
rent of  strength  C  in  time  /  is  given  by  the  equation 

W  =  C/f/       .         .         .         .     (7) 
e  denoting  the  electro-chemical  equivalent  of  the  element. 
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Electrolysis  provides  us  with  a  convenient  means  of 
finding  the  reduction-factor  (p.  215)  of  a  tangent  galvan- 
ometer. Connect  up  the  galvanometer  G,  as  in  Fig.  8, 
with  an  electrolytic  cell  or  voltameter  V  and  a  constant 

battery  B  consisting  of  one 


or  more  Daniell  cells  or 
accumulators.  The  volta- 
meter may  consist  of  a  pair 
of  copper  plates  immersed 
in  a  beaker  containing  a 
p.    g  saturated  solution  of  copper 

sulphate :  for  more  accurate 
work  a  silver  voltameter  should  be  employed.  Let  W 
denote  the  weight  of  metal  deposited  in  time  /  by  a  con- 
stant current  C  which  produces  a  deflection  a  of  the  gal- 
vanometer needle.  If  k  is  the  reduction-factor  of  the 
galvanometer,  C  =  k .  tan  a  :  also,  by  equation  (7), 

C  =  W/ei, 
.-.  k.ta.na  =  Wle^, 
and  k  =  W/eL  tan  a. 

62.  How  much  copper  will  be  deposited  by  a  current 
of  one  ampere  in  an  hour  ? 

63.  A  current  of  0-5  ampere  is  used  for  preparing 
pure  silver  by  electrolysis  :  how  long  must  the  current 
be  allowed  to  flow  in  order  to  obtain  a  deposit  of  4 
grammes  ? 

64.  What  is  the  strength  of  a  current  which  deposits 
a  milligramme  of  copper  per  minute  ? 

65.  It  is  found  that  a  current  of  1-868  ampere  de- 
posits I '108  gm.  of  copper  in  half  an  hour  :  what  value 
does  this  give  for  the  electro- chemical  equivalent  of 
copper  ? 

66.  What  is  the  strength  of  a  current  which  deposits 
0-93  5  grn-  of  copper  in  an  hour  and  10  minutes.? 

67.  A  Siemens  C^  dynamo  is  capable  of  depositing  6 
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kilogrammes  of  copper  per  hour :  what  is  the  strength 
of  the  current  produced  by  it  ? 

68.  A  constant  current  was  sent  for  half  an  hour 
through  the  thick  coils  of  a  Helmholtz  galvanometer, 
producing  a  deflection  of  40°,  and  also  through  a  copper 
voltameter  in  which  i'32  5  gm.  of  copper  was  deposited. 
What  was  the  reduction-factor  of  the  galvanometer  ? 

69.  Assuming  the  value  of  the  electro -chemical 
equivalent  of  silver  as  given  on  p.  21 9,  find  how  much 
water  will  be  decomposed  by  a  current  of  i  ampere  in 
an  hour.  [Atomic  weight  of  silver  =  1 08,  of  oxygen  =16, 
of  hydrogen  =  I.] 

Kirchoff's  Laws. — I.  In  any  branching  network  of 
wires,  the  algebraical  sum  of  all  the  currents  which  meet 
at  a  point  is  zero,  or 

S(C)  =  o. 

II.  The  electromotive  force  acting  around  any  closed 
circuit  is  found  by  multiplying  the  resistance  of  each 
portion  of  the  circuit  into  the  current  which  flows  through 
it,  and  adding  together  the  products  thus  obtained,  or 
2(E)  =  S(CR). 

Divided  Circuits  and  Shunts. — Suppose  a  circuit 

to  divide  as  at  A  in  Fig.  9,  

part  of  the  current  flowing 
through  a  conductor  of  re- 
sistance r  and  part  through 
a  conductor  of  resistance 
r',  reuniting  at  B  ;  then 
the  two  wires  are  said  to 
be  arranged  in  parallel  or 
in  multiple  arc,  and  the 
resistance  of  the  divided  circuit  between  A  and  B  is 
equal  to  the  product  of  the  resistances  of  the  two 
branches  divided  by  their  sum. 

For  let  e  be  the  E.M.F.  between  A  and  B,  c  the  cur- 
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rent  through  the  branch  r,  and  c  the  current  through  the 
branch  /.      By  Ohm's  law 

c  =  e\r,zx\Ac'  =  elt^         .  .  .     (8) 

Now  apply  Kirchoff's  first  law  to  the  point  A.  Let  C 
be  the  current  in  the  main  circuit  flowing  towards  A  ;  then 
c  and  c'  flow  away  from  A, 

or  C  =  r  +  c'  =  ejr  +  eji^ 

The  equivalent  resistance  of  the  divided  circuit  is 

p  _  g  _       ^       _        I        _  r/    ^         ^     .^. 
C     <?/r  +  ^/r      i/r  +  i/r      r  +  r 

It  is  evident  from  the  above  equation  (8)  that  the 
currents  in  the  two  branches  are  inversely  proportional 
to  their  resistances. 

Also,  by  equation  (9), 

^=CR  =  C.rr'/(r  +  /), 
therefore  the  current  in  the  branch  r  is 

and  the  current  in  the  branch  r^  is 

^  =  <r/r=C.V/(r  +  /). 

By  similar  reasoning  it  can  easily  be  proved  that  the 
resistance  of  a  multiple  arc  consisting  of  7i  conductors, 
each  offering  a  resistance  r,  is  R  =  rjn. 

When  the  terminals  of  a  galvanometer  are  connected 
directly  by  a  wire,  or  through  a  resistance-box,  the  gal- 
vanometer is  said  to  be  shunted^  and  the  connection  is 
called  a  shunt.  If  C  is  the  current  in  the  main  circuit, 
G  the  resistance  of  the  galvanometer,  and  S  that  of  the 
shunt,  the  current  through  the  shunted  galvanometer  is 

c,=c.^. 
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and  the  current  through  the  shunt  is 

G' 


C,  =  C. 


G  +  S 


70,  Eight  incandescent  lamps  are  arranged  in  four 
parallel  groups  of  two  each  (as  in  Fig.  10)  between  two 
electric  light  leads.  The  difference  of  potential  between 
the  leads  is  108  volts,  and  each  lamp  takes  a  current  of 
1-2  ampere.  What  is  the  equivalent  resistance  between 
the  leads  ? 

Since  the  current  through  each  of  the  four  branches  is  1-2 
ampere,  the  resistance  of  each  group  (of  two  lamps  in  series) 
is  io8/i'2  =  90  ohms,  or  the  resistance  per  lamp  is  45 
ohms.  The  joint  resistance  of  the  four  groups  in  parallel 
is  90/4  =  22-5  ohms.  (Here  we  assume  that  the  resistance 
of  the  leads  is  very  small,  and  that  the  lamps  are  placed 
close  together,  so  that  the  E.M.F.  is  constant.) 


m 


Fig.  10. 


^ 


/? 

Fig.  II. 


71. 


Two  batteries  of  E.M.F.'s  E^  and  Eg,  and  resist- 


ances r^  and  r^^  are  arranged  in  parallel  so  that  they 
tend  to  send  currents  in  the  same  direction  through  an 
external  resistance  R  (Fig.  11).  What  is  the  strength 
of  the  current  in  the  external  circuit  ? 


Let  C  be  the  current  through  the  external  resistance,  fj  the 
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current  through  the  battery  Ej,  and  ^2  the  current  through 
the  battery  Eg. 
By  Kirchoff's  second  law,  we  have  in  the  circuit  E^CR 

c^r^  +  CR  =  Ep 

and  in  the  circuit  EgCR 

f2''2+CR  =  E2. 

By  Kirchoff's  first  law  C  =  ^r^  +  Cgj 

.-.  C  =  (Ei-CR)/r,  +  (E2-CR)/r2,    . 
Cr^r^  =  E^r^  +  E^r^  -  C  (r^R  +  r2R), 
and  C  =  ( Y.^r^  +  E^r^)l{r^r^  +  r^R  +  ^gR). 

72.  A  I -ohm  coil  is  tested  and  found  to  have  a  re- 
sistance of  1-004  ohm.  What  length  of  platinoid  wire 
having  a  resistance  of  i6f  ohms  per  metre  must  be 
wound  in  multiple  arc  between  the  terminals  in  order  to 
make  it  a  correct  ohm  ? 

If  X  is  the  required  resistance  of  the  platinoid  wire,  we  have, 
by  equation  (9), 

I  =  I '004  ;r /( I '004  +  ^), 

. *.  I -004  +  x=i '004 x^ 

or  I '004  =  0-004  ;c,  and  jr  =  25 1. 

The  shunt  wire  must  therefore  have  a  resistance  of  251 
ohms,  and  the  required  length  is  251x3/50=15-06 
metres. 

73.  A  uniform  wire  is  bent  into  the  form  of  a  square  : 
find  the  resistance  between  two  opposite  comers  in  terms 
of  the  resistance  of  one  of  the  sides. 

74.  What  is  the  resistance  between  the  extremities  of 
one  of  the  sides  in  the  preceding  example  ? 

76.  Twelve  incandescent  lamps  are  arranged  in  par- 
allel between  two  electric  light  leads.  The  difference  of 
potential  between  the  leads  is  99  volts,  and  each  lamp 
takes  a  current  of  0-75  ampere  :  what  is  the  equivalent 
resistance  between  the  leads  ? 

76.  A   divided  circuit   consists   of  two   wires  of  the 
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same  material  whose  lengths  are  /  and  /',  and  cross- 
sections  s  and  s'  respectively :  compare  the  currents  in 
the  two  wires. 

77.  The  resistance  of  a  circuit,  including  that  of  the 
battery,  is  18  ohms.  What  change  will  be  produced  in 
the  current  through  the  battery  if  two  points  of  the  cir- 
cuit, between  which  the  resistance  is  12  ohms,  are  con- 
nected by  a  wire  of  4  ohms  resistance  ? 

78.  A  standard  coil  having  a  resistance  of  one  legal 
ohm  is  connected  in  multiple  arc  with  a  resistance-box, 
and  you  are  required  to  take  plugs  out  of  the  box  until 
the  joint  resistance  of  the  two  is  exactly  equal  to  a  B.A. 
unit  (see  p.  6).  A  legal  ohm  is  equal  to  1.0112  B.A. 
units  :  how  much  resistance  must  be  taken  out  ? 

79.  Three  wires  whose  resistance  are  r^,  r^  and  r^  re- 
spectively are  connected  in  multiple  arc  :  prove  that  the 
resistance  of  the  multiple  arc  is  ^i^2^zK^\^2  +  ^2^3  +  '*3^i)* 

80.  Two  points  A  and  B  are  connected  by  three 
wires  whose  resistances  are  i,  3  and  6  ohms  respectively  : 
find  the  total  current  which  passes  through  the  multiple 
arc  when  the  difference  of  potential  between  A  and  B 
is  3  volts. 

81.  A  divided  circuit  consists  of  two  equal  and  simi- 
lar wires  :  what  alteration  will  be  produced  in  its  resist- 
ance by  making  the  wires  touch  so  that  a  point  one- 
quarter  the  length  from  an  end  of  the  one  wire  is  in 
contact  with  a  point  three-quarters  the  length  from  the 
corresponding  end  of  the  other  wire  ? 

82.  An  equilateral  triangle,  one  foot  in  the  side,  is 
made  of  wire  of  uniform  material  but  of  unequal  thick- 
ness ;  the  base  being  made  of  wire  o-8  mm.  thick,  and 
the  sides  being  i-o  mm.  and  i'2  mm.  respectively:  find 
the  resistance  between  the  two  extremities  of  the  base, 
taking  the  resistance  of  an  inch  of  the  base  wire  as 
unity. 

83.  A  skeleton  cube  is  made  up  of  twelve  uniform 
wires :    prove  that    the    resistance   between    diagonally 
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Opposite  corners  of  the  cube  is  equal  to  five-sixths  of  the 
resistance  of  one  of  the  wires. 

84.  A  tangent  galvanometer  of  lo  ohms  resistance  is 
shunted  by  a  shunt  of  resistance  0-64  ohm.  A  steady 
current  is  passed  for  an  hour  through  the  shunted  gal- 
vanometer, and  also  through  a  silver  voltameter  in  which 
0-532  gm.  of  silver  is  deposited,  the  deflection  of  the 
galvanometer  being  52°.  Express  the  strength  of  the 
current  in  amperes,  and  calculate  the  reduction  factor  of 
the  galvanometer. 

If  C  be  the  strength  of  the  current,  then,  by  the  equation 
W  =  C  ^/,  we  have 

0.532  =  0  X  O'OOiiiS  X  3600  =:C  X  4-025, 

.'.  0  =  0-532/4-025=0-1321  ampere. 

The  current  passing  through  the  galvanometer  is 


where  S  is  the  resistance  of  the  shunt,  and  G  that  of  the 
galvanometer.  But  if  k  be  the  required  reduction-factor, 
we  have  also 

Cg  =  k .  tan  5, 

and  .'.k  =  Cgjidin  5  =  C .  S/(G -|-  S) tan  5, 

=  0-1321  X  0-64/10-64  X  1-28  =  0-00621. 

85.  A  battery  B  of  low  resistance  is  joined  up  in 
circuit  with  a  resistance-box  R  and 
a  shunted  galvanometer  as  in  Fig. 
1 2.  After  noting  the  deflection  the 
shunt  is  removed,  and  it  is  found 
that  the  resistance  R  has  to  be  in- 
creased to  a  higher  value  R'  in  order 
to  reduce  the  galvanometer  deflec- 
tion to   its   original   value.      Prove 

that,  if  the  internal  resistance  of 
the  battery  be  neglected,  the  resistance  of  the  galvan- 
ometer is  equal  to  S(R'  -  R)/R. 

86.  A  battery  of  resistance  B  is  connected  up  with  a 


^,- 

1 

B 

s 

1 

B 

—J 

Fig.  12. 
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galvanometer  of  resistance  G.  The  galvanometer  is  then 
shunted  by  a  wire  of  resistance  S.  Compare  the  currents 
produced  by  the  battery  in  the  two  cases,  and  show  that 
a  compensating  resistance  equal  to  G2/(G  +  S)  must  be 
introduced  into  the  circuit  if  it  is  required  to  keep  the 
current  unaltered  on  shunting  the  galvanometer. 

87.  What  shunt  is  required  to  reduce  to  one-hun- 
dredth the  sensitiveness  of  a  galvanometer  of  396  ohms 
resistance  .'' 

88.  A  galvanometer  of  45  ohms  resistance  is  shunted 
by  a  shunt  of  5  ohms.  Find  the  resistance  of  the 
shunted  galvanometer  and  the  current  which  flows 
through  it  when  a  difference  of  potential  of  22-5  volts  is 
maintained  between  its  terminals. 

89.  A  battery  of  20  ohms  resistance  is  joined  up  in 
circuit  with  a  galvanometer  of  10  ohms  resistance.  The 
galvanometer  is  then  shunted  by  a  wire  of  the  same  re- 
sistance as  its  own  :  compare  the  currents  produced  by 
the  battery  in  the  two  cases. 

90.  In  the  preceding  example  determine  the  ratio  be- 
tween the  currents  which  flow  through  the  galvanometer 
before  and  after  it  is  shunted. 

91.  In    measuring   the    resistance   of  a   battery   by 
Thomson's  method,  it  is  joined  up 
in  circuit  with  a  galvanometer  G  and 


faS 


R     - 


a  resistance-box  R  as  shown  in  Fig. 

1 3,  the  battery  itself  being  shunted 

by  a  wire    of    resistance    S.       On 

removing  the  shunt  a  larger  current 

passes   through    the  galvanometer ;    ^ 

but  by  increasing  the  resistance  R 

to  some  higher  value  R'  the  same 

deflection  can  be  obtained.     Prove  that  the  resistance 

of  the  battery  is  given  by  the  equation 

B  =  S(R'-R)/(R-hG). 
92.   It  is  found  that  on  shunting  a  certain  galvan- 
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ometer  the  current  through  it  is  reduced  to  one-half, 
while  the  battery  current  is  doubled  :  show  that  the  re- 
sistance of  the  galvanometer  is  double  that  of  the  battery, 
and  three  times  that  of  the  shunt. 

93.  The  like  poles  of  three 
cells  are  connected  in  mul- 
tiple arc  (Fig.  14)  by  wires 
of  inappreciable  resistance,  so 
that  their  E.M.F.'s  all  act 
towards  the  same  point  B. 
Prove  that  the  currents  through 
*^'  ^'^'  the  several  branches  are  given 

by  equations  of  the  form 

j)  ~  ^2^3  ~  yi,  etc, , 


'         ^1^2  + 


^2^3  + 


where  e^,  e^,  and  e^  are  the  E.M.F.'s  of  the  three  cells,  and 
^v  ^2'  ^3  ^^^  resistances  of  the  three  branches  respectively. 

[Apply  KirchofTs  laws.  Some  definite  directions — say  those 
indicated  in  the  figure — must  be  assumed  for  the  currents, 
but  it  is  evident  that  all  three  currents  cannot  really  flow 
from  A  to  B.] 

04.  Two  equal  cells  when  connected  in  series  with 
a  given  wire  produce  a  current  of  0-28  ampere  ;  when 
connected  in  multiple  arc  through  the  same  wire  the 
current  produced  is  0-2  ampere.  Prove  that  the  resist- 
ance of  the  wire  is  three  times  that  of  either  cell. 

95.  Two  equal  cells  are  connected  (i)  in  series,  (2) 
in  parallel,  the  external  resistance  in  both  cases  being 
the  same.  The  currents  produced  are  in  the  ratio  of  4  to 
3  :  prove  that  the  resistance  of  the  wire  is  two  and  a 
half  times  that  of  either  cell. 

96.  You  are  provided  with  a  delicate  galvanometer 
of  48  ohms  resistance,  and  are  required  to  measure  by 
means  of  it  a  current,  the  strength  of  which  is  supposed 
to  be  2-5  amperes  :  if  the  largest  current  that  can  safely 
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be  sent  through  the  galvanometer  is  o-i   ampere,  what 
resistance  would  you  supply  as  a  shunt  ? 

If  the  deflection  of  the  shunted  galvanometer  in- 
dicates a  current  of  0-085  ampere,  what  is  the  current 
in  the  main  circuit  ? 

97.  If  the  points  A  and  B  in  Fig.  14  are  connected 
by  a  wire  of  resistance  R,  what  currents  will  flow  through 
the  wire  and  through  each  of  the  cells  ? 

98.  You  are  required  to  replace  the  two  cells  in  Ex. 
71  (Fig.  11)  by  a  single  battery,  which  will  send  the 
same  current  through  the  external  resistance  R.  Prove 
that  this  battery  must  have  an  E.M.F.  equal  to 
(^1^2  +  ^2^i)/(^i  +  r^),  and  that  its  internal  resistance  must 

Arrangement  of  Cells  for  Maximum  Current. — When  the 
internal  resistance  of  the  cells  of  a  battery  is  ^o  small  that  it 
can  be  neglected  in  comparison  with  the  external  resistance  of 
the  circuit,  the  current  produced  is  approximately  proportional  to 
the  number  of  cells  employed.  But  if  the  external  resistance 
is  small  compared  with  that  of  a  single  cell,  the  current  is  only 
slightly  increased  by  adding  on  cells  in  series  :  for  although 
every  additional  cell  increases  the  E.M.F.,  it  also  increases  the 
resistance  in  nearly  the  same  proportion.  A  stronger  current 
can  be  obtained  by  arranging  the  cells  either  partly  or  wholly 
in  parallel  (as  in  Fig.  ii),  so  as  to  diminish  the  internal  re- 
sistance. 

When  the  external  resistance  and  the  number  of  cells  are 
given,  the  maximum  current  is  obtained  by  grouping  the  cells 
in  such  a  way  that  i/ie  internal  resistance  of  the  battery  is  {as 
nearly  as  possible)  equal  to  the  external  resistance  of  the  circuit. 

For  let  R  be  the  external  resistance,  N  the  number  of  cells, 
e  the  E.M.F.  and  r  the  resistance  of  each  cell.  Suppose  the 
cells  to  be  arranged  in  m  rows,  each  row  consisting  of  n  cells 
in  series,  then 

my,n  =  ^       .  .  .  •      («) 

The  E.  M.  F.  of  the  battery  is  the  same  as  that  of  each  row, 
and  is  equal  to  ne.  Each  row  consisting  of  n  cells  has  a  resist- 
ance nr :  the  equivalent  resistance  of  the  m  rows  arranged  in 
parallel  is  «r/»/. 
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Thus,  by  Ohm's  law,  the  current  produced  is 
^         ne  e 

R* 
n 

Now  e  is  constant,  and  therefore  C  is  a  maximum  when 
rjm  +  R/«  is  a  minimum.  Observe  also  that  the  product  rKjmn 
is  constant,  because  r  and  R  are  given,  and  mn  is  a  constant, 
being  equal  to  the  total  number  of  cells.  But  if  the  product  of 
two  factors  is  constant  it  can  be  shown  that  their  sum  is  a 
minimum  when  they  are  equal  to  one  another. 

Thus  if/<^  is  constant,  /  +  ^  is  a  minimum  when  p  =  q.  For 
p  +  g={'\/p -  \Jq)^  +  2\Jpq,  and,  since  the  last  term  is  con- 
stant, /  +  ^  is  a  minimum  when  {\/p  -  ^Jq)"^  is  a  minimum. 
Now  the  minimum  value  of  a  square  is  zero  :  hence  p  +  q  is  a 
minimum  when  \Jp  -  \lq=-0,  i.e.  when/  =  <7. 

If  then  we  wish  to  give  C  its  maximum  value  we  must  make 

r     R        nr 

—  =  -  .  or  —  =  R    .         .         .  .      (b) 

m     n         m 

But  nrjm  is  the  internal  resistance,  and  R  is  the  external  re- 
sistance, so  that  the  maximum  current  is  obtained  when  the 
resistance  of  the  battery  is  made  equal  to  that  of  the  external 
circuit. 

99.  What  is  the  best  way  of  arranging  a  battery  of 
1 8  cells,  each  having  a  resistance  of  i-8  ohm,  so  as  to 
send  the  largest  current  through  an  external  resistance 
of  I  ohm  ? 

By  equation  (a)' 

»/x«=i8, 

and  by  the  condition  for  maximum  current  [equation  (^)], 

i-8«/w=i. 

Thus  n^=  lo,  and  the  nearest  integer  to  V  lo  is  3.  It  follows 
that  ni=  18/3  =  6,  and  that  the  cells  must  be  arranged  in 
6  rows  of  3  each. 

100.  The  current  from  a  battery  of  4  equal  cells  is  sent 
through  a  tangent  galvanometer,  the  resistance  of  which, 
together  with  the  attached  wires,  is  exactly  equal  to  that 
of  a  single  cell.     Show  that  the  galvanometer  deflection 
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will  be  the  same  whether  the  cells  are  arranged  all 
abreast  or  all  in  series.  What  is  the  best  arrangement 
that  could  be  adopted,  and  what  would  be  the  corre- 
sponding deflection  ? 

101.  You  are  supplied  with  1 2  exactly  similar  cells,  the 
internal  resistance  of  each  of  which  is  one-fourth  of  the 
external  resistance  of  the  circuit :  how  would  you  group 
the  cells  so  as  to  obtain  the  maximum  current  ? 

102.  How  would  you  arrange  a  battery  of  12  cells, 
each  of  0-6  ohm  internal  resistance,  so  as  to  send  the 
strongest  current  through  an  electromagnet  of  resistance 
0-7  ohm  ? 

103.  You  have  a  battery  of  48  Daniell  cells,  each  of 
6  ohms  internal  resistance,  and  are  required  to  send  the 
largest  possible  current  through  an  external  resistance 
of  I  5  ohms  :  how  would  you  group  the  cells  ?  Find  also 
the  current  produced  and  the  difference  of  potential  be- 
tween the  poles  of  the  battery,  assuming  that  the  E.M.F. 
of  a  Daniell  cell  is  1-07  volt. 

104.  If  there  are  18  cells  in  a  battery,  each  of  re- 
sistance 1-5  ohm,  how  can  they  best  be  arranged  so  as 
to  send  a  strong  current  through  an  external  circuit  of 
3-5  ohms  resistance  ? 

Po^wer  and  Heating  Effect  of  a  Current. — Sup- 
pose a  current  C  to  flow  through  a  portion  of  a  circuit, 
the  ends  of  which  are  at  a  difference  of  potential  E. 
The  total  quantity  of  electricity  which  passes  any  point 
in  the  circuit  during  a  time  /  is  Q  =  C/.  The  work 
done  by  the  current  during  the  same  time  is  measured 
by  the  product  of  the  quantity  of  electricity  thus  trans- 
ferred into  the  difference  of  potential  (p.  5),  or 

W  =  QE  =  CE/.        .         .         .     (10) 

The  power  or  activity  of  the  current  is  measured  by 
its  rate  of  doing  work,  i.e, 

P  =  QE//  =  CE         .         .         .     (II) 
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If  C  and  E  are  expressed  in  C.G.S.  units  the  above 
equations  give  the  work  in  ergs  and  the  power  in  ergs 
per  second.  Since  the  ampere  =  lo-i  C.G.S.  units  of 
current,  and  the  volt  =10^  C.G.S.  units  of  E.M.F.,  a 
current  of  one  ampere  flowing  through  a  difference 
of  potential  of  one  volt  does  work  at  the  rate  of 
iO"ix  1 0^=  10''' ergs  per  second.  This  is  adopted  as 
the  practical  unit  of  power,  and  is  called  a  "Watt.  Thus 
the  rate  at  which  work  is  done  in  a  circuit  is  measured 
in  watts  by  the  product  of  the  current  in  amperes  into 
the  E.M.F.  in  volts.  We  have  already  shown  (p.  14) 
that  a  horse-power  is  approximately  equal  to  746  watts. 

If  the  portion  of  the  circuit  under  consideration  con- 
tains no  other  source  of  E.M.F.  besides  that  which  pro- 
duces the  current,  it  follows  from  Ohm's  law  that  the 
above  equations  may  be  written  in  the  form 

W^C2R/     ....     (12) 
and  P  =  C2R      ....     (13) 

On  the  other  hand,  if  a  voltameter,  or  an  electro- 
motor in  motion,  is  included  in  the  circuit,  the  current 
is  diminished  by  an  amount  corresponding  to  the  counter 
electromotive  force  thus  set  up,  and  Ohm's  law  cannot 
be  applied ;  but  in  all  cases  CE/  measures  the  work 
done,  and  CE  the  power. 

When  a  current  flows  through  a  metallic  conductor 
without  doing  any  work  beyond  overcoming  the  resist- 
ance of  the  conductor,  its  energy  is  entirely  converted 
into  heat,  which  goes  to  raise  the  temperature  of  the  con- 
ductor. If  H  is  the  amount  of  heat  thus  produced,  its 
equivalent  in  ergs  is  JH,  and  therefore  by  equation  (12) 

JH  =  C2R/   ....     (14) 

This  equation  expresses  what  is  known  as  Joule's 
law.  Here  again  we  have  supposed  that  current  and 
resistance  are  both  expressed  in  C.G.S.  units.      If  C  is 
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expressed  in  amperes,  its  equivalent  in  C.G.S.  units  is 
C  X  lo-i ;  and  if  R  is  expressed  in  ohms  its  equivalent 
in  C.G.S.  units  is  R  x  lo^.  The  numerical  value  of  J 
(Joule's  equivalent;  see  p.  140)  is  4-2  x  10^:  thus  the 
amount  of  heat  generated  in  time  /  by  a  current  of  C 
amperes  flowing  through  a  resistance  of  R  ohms  is 

H  =  (C  X  io~i)2  X  (R  X  io»)//4-2  X  io7, 
or  H==C2R//4.2  .         .         .     (IS) 

105.  The  output  of  a  dynamo  is  frequently  expressed 
in  "units"  of  1000  watts  each:  thus  a  "four- unit" 
machine  produces  4000  watts.  How  many  i6-candle- 
power  lamps,  each  requiring  3.5  watts  per  candle,  can 
be  run  by  such  a  dynamo  ?  If  the  lamps  used  are  50- 
volt  lamps,  what  current  does  each  take  ? 

Each  lamp  absorbs  16  x  3-5  =  56  watts,  and  if  n  is  the  re- 
quired number  of  lamps,  56«  =  4000,  and  «  =  7i-4.  If 
7 1  lamps  are  used,  and  the  dynamo  is  run  at  its  normal 
speed,  the  lamps  will  be  somewhat  too  bright  :  if  72  are 
used,  they  will  be  somewhat  dull. 

The  number  of  watts  absorbed  by  each  lamp  is  equal  to  the 
product  of  the  current  in  amperes  into  the  E.  M.  F.  in  volts. 
If  C  is  the  current  taken  by  each  lamp, 

0x50  =  56, 
and  C  =  56/50  =  I  -02  ampere. 

106.  The  poles  of  a  battery,  of  internal  resistance  B, 
are  connected  successively  by  two  wires,  whose  resistances 
are  R^  and  Rg  respectively  :  if  B  is  a  mean  proportional 
between  Rj  and  R<„  show  that  the  quantities  of  heat  de- 
veloped in  equal  times  in  each  of  the  two  wires  are  the 
same. 

Let  E  denote  the  E.M.F.  of  the  battery.  The  currents 
produced  in  the  first  and  second  cases  respectively  are 

Cj  =  E/(B  +  Rj),  and  C^  =  E/(B  +  R^). 

The  quantity  of  heat  developed  in  time  /  in  the  wire  of  re- 
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Substituting  for  B  its  value  /v/r  r  ,  this  gives 
H  -Bf  ^^  ^  ^^ 


^     J      R1R2  +  2RiVRiR2  +  Ri^    J    Ri  +  2VRiR2  +  R2 

Since  this  expression  is  symmetrical  with  respect  to  Rj  and 
R2,  it  is  clear  that  it  also  represents  the  heat  developed  in 
the  same  time  in  the  wire  R^. 

107.  The  current  from  a  single  secondary  cell  was 
sent  through  the  thick  coils  of  a  Helmholtz  galvan- 
ometer, and  also  through  a  coil  of  wire  of  i  ohm 
resistance  immersed  in  100  grammes  of  water.  In  40 
minutes  a  rise  in  temperature  of  i5°-8  was  produced, 
and  the  mean  deflection  of  the  galvanometer  needle 
was  32°.  Calculate  the  strength  of  the  current,  and 
the  reduction-factor  of  the  galvanometer. 

The  amount  of  heat  produced  is  H=:  100  x  15-8.  The 
resistance  of  the  coil  is  10^  C.G.S.  units,  and,  according 
to  equation  (14),  p.  232,  the  value  of  the  current  is  given 
by  the  equation 

(4-2  X  10'')  X  100  X  i5'8  =  C2x  io^x40x  60, 
.-.   C2  =  4-2  X  15.8/2400  =  0-02765, 
and  0  =  0-1663. 

Thus  the  current  strength  is  0-1663  C.G.S.   unit  or  1-663 

ampere. 
The   reduction -factor    (k)   is  defined  by  the   relation    C  = 

k.  tan  5,  and  since  tan  32°  =  0-625,  we  have 

/&  =  C/ tan  5=  I -663/0-625  =  2 -66 1. 

[This  is  the  factor  for  reducing  readings  to  amperes ;  if  the 
current  is  required  in  C.  G.  S.  units  the  corresponding  reduc- 
tion factor  will  be  0-2661.] 

108.  Compare  the  amounts  of  power  required  to  send 
a  current  of  constant  strength  through  two  wires  of  re- 
sistances ri  and  r^,  (i)  when  they  are  arranged  in 
series,  and  (2)  when  they  are  arranged  in  parallel. 
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109.  If,  instead  of  a  constant  current,  a  constant 
E.M.F.  were  used  in  the  preceding  problem,  what 
would  be  the  ratio  between  the  amounts  of  power  ab- 
sorbed in  the  two  cases  ? 

110.  What  horse-power  is  required  to  maintain  a 
current  of  4  amperes  through  a  resistance  of  37-3  ohms  ? 

111.  An  arc  lamp  takes  a  current  of  9-75  amperes, 
and  the  E.M.F.  between  its  terminals  is  50  volts  :  what 
power  does  it  absorb  ? 

112.  In  the  Provisional  Orders  of  the  Board  of  Trade 
the  unit  of  electrical  supply  is  defined  as  1000  arnplres 

flowing  for  one  hour  under  a  pressure  of  one  volt.     Prove 
that  this  is  equal  to  i  -34  horse-power  working  for  one  hour. 

113.  A  house  is  lit  by  23  Bernstein  lamps  of  20  candle- 
power,  each  lamp  taking  a  current  of  i  o  amperes,  and  re- 
quiring an  E.M.F.  of  id  volts.  The  total  length  of  the 
conducting  wires  is  440  yards,  and  they  are  made  of  No. 
12  B.W.G.  copper  wire  having  a  resistance  of  4-6  ohms 
per  mile.  Show  that  the  amount  of  energy  lost  in  the 
conductors  is  one-twentieth  of  that  used  in  the  lamps. 

114.  The  poles  of  two  batteries,  each  consisting  of 
10  cells,  are  connected  by  thick  copper  wires  of  inap- 
preciable resistance  ;  the  plates  of  the  one  battery  are 
three  times  as  large  as  the  plates  in  the  other,  but  the 
cells  are  similar  in  all  other  respects.  Compare  the  in- 
tensities of  the  currents,  and  the  amounts  of  heat  gene- 
rated in  the  same  time  in  the  two  batteries. 

115.  A  current  of  1-4  ampere  is  allowed  to  flow  for 
half  an  hour  through  a  coil  of  wire  of  5  ohms  resistance 
immersed  in  250  grammes  of  water.  What  elevation 
of  temperature  will  be  produced  by  it  ? 

116.  An  incandescent  lamp  of  16  candle-power  takes 
a  current  of  0-75  ampere  with  a  difference  of  potential 
of  JO  volts  between  its  terminals:  find  the  number  of 
watts  per  candle-power  absorbed  by  the  lamp,  and  the 
amount  of  heat  generated  in  it  in  an  hour. 

117.  In  order  to  determine  the  strength  of  a  current 
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it  was  made  to  pass  through  a  coil  of  wire  of  5  ohms 
resistance  placed  in  a  calorimeter :  a  steady  stream  of 
water  was  kept  flowing  through  the  calorimeter  at  the 
rate  of  1 5  c.c.  per  minute,  and  the  heating  effect  of  the 
current  was  such  that  the  water  was  4°  warmer  on  leav- 
ing the  calorimeter  than  it  was  on  entering.  Find  the 
strength  of  the  current. 

118.  The  amount  of  heat  generated  per  second  by  a 
current  of  c  amperes  in  a  copper  wire  i  metre  long  and 
d  millimetres  in  diameter  is  given  by  the  equation 
W=k  .  {cjdf'.  Calculate  the  value  of  the  constant  {k) 
in  this  equation,  taking  the  specific  resistance  of  copper 
in  C.G.S.  units  to  be  1600. 

119.  When  a  current  divides  between  two  wires 
arranged  in  multiple  arc,  the  current  in  each  branch  is 
inversely  proportional  to  its  resistance  (p.  222) :  prove 
that  the  total  amount  of  heat  generated  in  the  two  wires 
is  less  than  it  would  be  if  the  current  were  to  divide 
between  them  in  any  other  proportion. 

Eflaciency  of  Dynamos  and  Motors. — In  the 
following  examples  the  term  efficiency  will  be  used  to 
denote  the  efficiency  of  conversion,  which  is  the  ratio  be- 
tween the  electrical  power  developed  and  the  horse-power 
required  to  drive  the  dynamo.  A  portion  of  the  power 
developed  in  the  circuit  of  a  dynamo  is  always  absorbed 
in  overcoming  the  resistance  of  the  dynamo  itself;  and 
the  ratio  of  the  power  developed  in  the  external  circuit 
to  the  total  power  is  sometimes  called  the  electrical 
efficiency  of  the  system.  This  is  equal  to  R/(R-fr), 
where  r  is  the  resistance  of  the  dynamo  and  R  that  of 
the  external  circuit  (supposing  the  latter  to  contain  no 
opposing  E.M.F.)  What  we  have  called  the  efficiency 
{i.e.  the  efficiency  of  conversion)  depends  upon  the  con- 
struction of  the  dynamo  itself,  whereas  the  electrical 
efficiency  depends  not  only  upon  the  internal  resistance 
of  the  dynamo  but  also  upon  that  of  the  external  circuit 
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It  is  therefore  clear  that  we  should  distinguish  between 
the  gross  and  nett  efficiency  of  conversion.  The  gross 
efficiency  is  the  ratio  of  the  total  electrical  horse-power 
to  the  horse-power  required  to  drive  the  dynamo  :  the 
nett  efficiency  is  the  ratio  between  the  electrical  horse- 
power in  the  external  circuit  and  the  horse-power  ab- 
sorbed by  the  dynamo.  This  latter  quantity  measures 
the  economy  of  the  system  as  a  whole,  and  is  commonly 
called  the  cotnmercial  efficiency. 

The  efficiency  of  a  motor  is  the  ratio  between  the 
horse-power  developed  by  the  motor  and  the  electrical 
horse-power  absorbed  by  it. 

120.  Find  the  useful  commercial  efficiency  of  an 
Edison  No.  5  dynamo  from  the  following  tests  made  at 
the  Franklin  Institute  (Philadelphia): — 

E.M.F.  at  terminals  of  dynamo  .  .  125-2  volts. 

Current  in  external  circuit     .  .  .  100-9  amperes. 

Resistance  of  external  circuit  .  .          i- 241  ohm. 

Power  applied     .         .          .  .  .  18-89  H.-P. 

The  power  developed  in  the  external  circuit  is  CE=  100-9  ^ 
125-2  =  12633  watts,  or  12633/746=16-94  H.-P. 
[The  power  can  also  be  calculated  from  the  given  current  and 
resistance  :    this  gives  the  same  result,  for  C^R  =  (100-9)2 
X  1-241  =  12634  watts.] 

The  commercial  efficiency  is  16-94/18-89  =  0-18968,  or  89-68 
per  cent. 

121.  A  Weston  No.  7  M  dynamo  tested  at  the  Frank- 
lin Institute  was  found  to  give  a  current  of  123-6  amperes 
through  an  external  resistance  of  1-224  ohm,  the  poten- 
tial difference  at  the  terminals  of  the  dynamo  being 
151-2  volts.  The  power  absorbed  was  28  H.-P.:  show 
that  the  commercial  efficiency  of  the  dynamo  was  89-5 
per  cent. 

122.  A  petroleum  engine  delivering  7  H.-P.  was 
coupled  up  with  a  dynamo  used  for  charging  secondary 
batteries.     The  average  current  was  T]  amperes,  with 
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an  E. M.F.  of  58  volts:  find  the  electrical  horse-power 
and  the  efficiency  of  the  dynamo. 

123.  A  dynamo  driven  by  a  gas-engine  of  2  H.-P. 
(actual)  is  used  for  supplying  a  current  to  a  circuit 
whose  resistance  (including  that  of  the  dynamo)  is  3*357 
ohms.  Show  that  if  the  efficiency  of  the  dynamo  is  90 
per  cent,  it  will  produce  a  current  of  20  amperes. 

124.  The  total  weight  of  a  tram-car  driven  by  an 
electromotor  (including  the  weight  of  the  passengers)  is 
5  tons.  The  current  for  the  motor  is  derived  from  a 
battery  of  accumulators,  the  average  E.M.F.  of  which  is 
1 1  o  volts  during  the  discharge.  Assuming  the  motor  to 
have  an  efficiency  of  70  per  cent,  find  the  rate  at  which 
the  car  will  run  on  the  level  when  the  discharge  current 
is  18-65  amperes,  the  resistances  due  to  friction,  etc., 
being  at  the  rate  of  28  lbs.  per  ton. 

The  power  developed  by  the  motor  is  18-65  x  1 10  x  0-7  watts, 
which  is  equivalent  to  18-65  x  1 10  x  0-7/746  H.-P.  Thus 
the  motor  does  work  at  the  rate  of  18*65  ^  110x0-7  x 
550/746  foot-pounds  per  second.  Suppose  that  it  gives 
the  car  a  velocity  of  x  feet  per  second  :  the  work  done  by 
it  per  second  will  be  5  x  28  x  jt  ft. -lbs. 

Equating  these  two  expressions,  we  have 

;r=  18-65  X  no  X  0.7/746  X  5  X  28  =  7-563. 
Thus  the  car  will  run  at  the  rate  of  7*563  ft.  per  sec,  or 
5*  16  miles  per  hour. 

125.  Two  trials  of  an  Immisch  motor  gave  the  fol- 
lowing results : — 

Exp.  I.  Exp.  II. 

Current       .         .     31-5  amperes.  31      amperes. 

E.M.F.       .         .134      volts.  147      volts. 

Power  developed        4-7  H.-P.  5-2  H.-P. 

Show  that  the  mean  efficiency  of  the  motor  was  0-84. 

126.  A  smaller  motor  of  the  same  kind  was  tested 
with  a  current  of  25-5  amperes  and  an  E.M.F.  of  40  volts, 
and  was  found  to  develop  0-98   H.-P.      Show  that  its 
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efficiency  was  0-72,  and  that  the  electrical  horse-power 
absorbed  by  it  was  1-37. 

127.  The  following  results  were  obtained  with  an 
Ayrton  and  Perry  motor,  running  at  2240  revolutions  per 
minute : — 

Current  =  33  amperes. 
E.M.F.  =  32.5  volts. 
Brake  horse-power  =   0*4586. 

What  was  the  efficiency  of  the  motor  ? 

128.  An  electromotor  which  is  required  to  develop  2 
H.-P.  is  to  be  introduced  into  an  arc  lighting  circuit 
traversed  by  a  constant  current  of  1 5  amperes.  Assum- 
ing the  motor  to  have  an  efficiency  of  80  per  cent,  show 
that  the  power  absorbed  by  it  will  be  1865  watts,  and 
that  the  E.M.F.  at  its  terminals  will  be  124-3  volts. 


EXAMINATION   QUESTIONS. 

129.  Explain  the  terms  current,  electromotive  force, 
and  resistance. 

What  is  the  current  in  a  circuit  which  consists  of  a 
battery  of  10  similar  cells  arranged  in  series  and  a  wire 
of  24  ohms  resistance  ?  [Each  of  the  cells  has  an 
electromotive  force  of  1-8  volt,  and  an  internal  resistance 
of  "3  of  an  ohm.]  Matric.  1888. 

130.  Explain  the  meaning  of  the  term  "electrical 
resistance,"  and  point  out  the  physical  laws  upon  which 
the  scientific  value  of  the  term  depends. 

The  difference  of  potential  between  the  terminals  of  a 
voltaic  cell  when  the  circuit  is  not  closed  is  2  volts. 
When  it  is  closed  through  an  external  resistance  of  2-4 
ohms,  this  difference  of  potential  is  reduced  to  i  •  5  volt. 
Calculate  the  internal  resistance  of  the  cell. 

Oxford  (Prel.  Sc.)  1888. 
[See  Ex.  2,  p.  206.     The  resistance  of  the  cell  is  o-8  ohm.] 

131.  The  resistance  of  a  mile  of  telegraph  wire,  whose 
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diameter  is  0-2  inch,  is  8-96  ohms.  What  must  be 
the  thickness  of  a  wire  of  which  350  yards  shall  have 
2  ohms  resistance  ?  Camb.  B.  A.  1881. 

132.  If  the  conductivity  of  copper  is  to  that  of 
aluminium  as  2-3  :  i,  and  their  specific  gravities  as  3-3:1, 
show  what  would  be  the  ratio  of  the  weights  of  wires  of 
these  metals,  which,  for  the  same  length,  offered  the 
same  resistance.  ind.  c.  S.  1882. 

133.  Define  the  resistance  of  a  conductor,  and  de- 
scribe some  method  of  measuring  it.  The  resistance  of 
a  column  of  mercury  106  cm.  in  length  and  i  sq.  mm. 
in  section  at  0°  C.  being  defined  as  i  ohm,  find  the 
resistance  of  a  column  2  metres  long  and  2*5  sq.  mm.  in 
section  at  a  temperature  of  15°  C.  Mercury  increases 
in  resistance  by  -085  per  cent  per  1°  C. 

Int.  Sc.  Honours  1887. 

134.  Three  galvanic  cells,  A,  B,  C^  whose  respective 
electromotive  forces  and  resistances  are  as  follows, 
namely — 

ABC 

Electromotive  force       .      1-07         1-54         1-9  volt 
Resistance  .  .         .        -72         2*3  •!  ohm 

are  connected  in  series,  and  the  circuit  is  completed  by 
a  wire  of  resistance  5-9.  Determine  the  strength  of  the 
current  produced.  If  the  cell  B  were  removed  and 
replaced  in  the  circuit,  with  its  terminals  inverted,  what 
would  be  the  strength  of  the  current  ?  int.  Sc.  1885. 

135.  Explain  Ohm's  law  as  applied  to  a  restricted 
portion  of  a  circuit.  The  difference  of  potential  between 
the  poles  of  a  battery  (of  1-2  ohms  internal  resistance) 
is  6  volts  when  the  poles  are  insulated,  and  4-5  volts 
when  they  are  joined  by  a  wire  :  what  is  the  resistance 
of  the  wire  ?  int.  Sc.  i886. 

[See  Ex.  2.     The  resistance  of  the  wire  is  3 '6  ohms.] 

136.  A  battery  of  4  ohms  internal  resistance  is  send- 
ing a  current  through  an  external  resistance  of  6  ohms. 
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The  terminals  of  the  battery  are  connected  to  the  elec- 
trodes of  a  reflecting  electrometer,  and  the  deflection  on 
the  scale  is  1 00  divisions.  What  will  the  deflection  be, 
when,  everything  else  remaining  the  same,  the  external 
circuit  is  broken  ?  Int.  Sc.  1886. 

137.  Describe  some  form  of  Thomson's  Quadrant 
Electrometer. 

The  two  poles  of  a  battery  are  connected  to  the  elec- 
trodes of  a  quadrant  electrometer,  and  readings  taken 
(i)  when  there  is  no  circuit,  (2)  when  the  circuit  is  com- 
pleted by  a  wire  of  6  ohms  resistance.  The  mean  read- 
ings in  the  two  cases  being  200  and  147  respectively, 
determine  the  resistance  of  the  battery.  Prel.  Sc  isss. 

138.  A  battery  of  Daniell's  cells,  arranged  two  abreast, 
is  required  to  maintain  a  current  of  3  amperes  through  an 
external  resistance  of  2  ohms.  How  many  cells  will  be 
required,  the  E.M.F.  of  each  being  1-2  volt,  and  the 
internal  resistance  of  each  0-4  ohm  ?  Prei.  Sc.  1887. 

139.  A  battery  is  connected  by  short  thick  wires  to  a 
galvanometer,  and  the  deflection  noted.  The  galvan- 
ometer is  then  shunted  with  one-third  of  its  own  resistance, 
and  on  connecting  again  with  the  battery  the  current 
through  the  galvanometer  is  observed  to  have  half  its 
former  value.  Show  that  the  resistance  of  the  battery 
is  half  that  of  the  galvanometer.  N.  s.  Tripos.  1886. 

140.  The  resistance  of  a  shunted  galvanometer  is  8  5 
ohms,  that  of  the  shunt  being  1 00  ohms.  A  certain  de- 
flection of  the  galvanometer  needle  is  obtained  when  the 
resistance  in  the  rest  of  the  circuit  is  2000  ohms. 
Find  what  additional  resistance  must  be  inserted  that  the 
galvanometer  deflection  may  remain  the  same  when  the 
shunt  is  removed.  B.  Sc.  1887. 

141.  Define  the  magnetic  moment  of  a  magnet,  and 
state  the  laws  which  express  the  direction  and  magnitude 
of  the  force  exerted  by  an  electric  current  passing  along 
a  circular  wire  upon  a  magnetic  pole  at  the  centre  of  the 
circle. 

R 
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A  battery-cell  of  constant  electromotive  force  and  negli- 
gible resistance  is  connected  up  with  two  galvanometers 
A  and  B,  arranged  first  in  series  and  secondly  in  multiple 
arc.  In  the  first  case  the  deflection  of  ^  is  25  and  that 
of  ^  46  ;  and  in  the  second  case  that  of^  is  43.  Find 
the  deflection  of  B,  and  compare  the  constants  and  re- 
sistances of  the  two  galvanometers,  assuming  that  the 
currents  in  each  case  are  proportional  to  the  deflections. 

N.  S.  Tripos.  1884. 

142.  Describe  the  action  of  an  electric  current  on  a 
magnet,  and  explain  how  it  is  made  use  of  in  a  galvan- 
ometer. 

There  are  25  turns  of  wire  in  a  galvanometer  coil,  the 
mean  radius  of  which  is  150  cm.  Assuming  the  value 
of  H  to  be  o-i8,  find  the  current  which  will  deflect  a 
magnet  placed  at  the  centre  of  the  coil  45°.  If  the 
resistance  of  the  circuit,  including  the  battery,  be  3  ohms, 
find  the  electromotive  force  required  to  produce  the 
current.  int.  Sc.  1886. 

[See  p.  214.     The  current  is  equal  to  0-172  C.G.S.  unit  or  1-72 
ampere,  and  the  required  E.M.F.  is  i72X3=:5-i6  volts.] 

143.  What  is  meant  by  the  reduction  factor  of  a 
galvanometer  ? 

A  sine  galvanometer  consists  of  a  single  coil  of  49 
turns  of  wire,  the  mean  radius  of  which  is  20  cm.  A 
current  of  -08  ampere  causes  such  a  deflection  that  the 
coil  has  to  be  turned  through  45°  degrees  to  bring  the 
needle  to  its  original  position  with  regard  to  the  coil. 
Determine  the  reduction  factor  of  the  galvanometer,  and 
the  horizontal  component  of  the  earth's  magnetic  intensity. 

Int.  Sc.  Honours  1887. 

144.  The  terminals  of  a  galvanometer  (resistance  =  G) 
are  connected  with  a  cell  (E.M.F.  =  Ej)  and  resistance 
Rj,  and  at  the  same  time  with  another  cell  (E.M.F  =  £3) 
and  resistance  Rg'  Determine  the  current  through  the 
galvanometer  in  terms  of  the  data,  and  show  that  by 
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suitably  adjusting  the  resistances  Rj  and  Rg  a  comparison 
of  the  electromotive  forces  of  the  cells  may  be  made. 

Int.  Sc.  Honours  1885. 

146.   State  the  laws  of  electrolysis. 

A  copper  voltameter  and  an  acidulated  water  volta- 
meter are  inserted  in  the  same  voltaic  circuit ;  and  it  is 
found  that  1-5  gramme  of  hydrogen  is  given  off  while 
47-625  grammes  of  copper  are  deposited  on  the  copper 
cathode.       Calculate     the    atomic    weight    of    copper. 

[Copper  is  divalent.]  Oxford  (Prel.  Sc)  1887. 

146.  Describe  a  series  of  experiments  to  prove  Ohm's 
law.  A  current  passes  from  A  to  Z>  through  a  circuit 
composed  as  follows  :  Between  A  and  ^  is  a  resistance 
of  I  ohm,  between  B  and  B  an  unknown  small  resist- 
ance ;  A  is  joined  to  C  by  a  resistance  of  2  ohms,  and 
-ff  to  C  by  one  of  99  ohms.  The  terminals  of  an  electro- 
meter (or  of  a  high-resistance  galvanometer)  are  joined 
alternately  to  A  and  C  and  to  B  and  D,  and  the  deflec- 
tions are  the  same  in  the  two  cases.  Find  the  value  of 
the  unknown  small  resistance.  B.  Sc.  1886. 

Between  A  and  B  there  is  a  divided  circuit,  one  branch  of  which 
(AB)  has  a  resistance  of  i  ohm,  while  the  other  branch 
(ACB)  has  a  resistance  of  loi  ohms.  If  C  is  the  total 
current,  then  the  current  through  ACB  is  C/102,  and  the 
potential  difference  between  the  points  A  and  C  is,  by 
Ohm's  law,  equal  to  2  x  C/io2  =  C/5i.  The  potential 
difference  between  the  points  13  and  D  is  equal  to  Cr,  where 
r  is  the  unknown  small  resistance.  Since  they  are  equal, 
it  follows  that  the  value  of  the  unknown  resistance  is  3^ 
ohm. 

147.  Two  points,  A  and  B,  are  connected  by  three 
wires,  APBy  AQB,  ARB,  whose  resistances  are  i, 
2,  and  3  ohms  respectively,  and  A  is  also  joined  to  /?, 
the  middle  point  of  ARB,  by  a  wire  ASR  of  2  ohms 
resistance.  How  much  of  the  total  current  flowing  from 
A  to  B  passes  through  each  of  the  two  branches  between 
A  and  Rl  B.  Sc.  1887. 
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148.  A  battery  is  connected  in  circuit  with  one  coil 
of  a  differential  galvanometer,  shunted  by  a  wire  of 
resistance  S,  and  the  deflection  of  the  needle  observed. 
The  battery  is  then  connected  with  both  coils  of  the 
galvanometer  in  series,  shunted  by  a  wire  of  resistance 
2S,  and  resistance  is  introduced  into  the  circuit  until  the 
galvanometer  indication  is  the  same  as  before.  Show 
how  the  internal  resistance  of  the  battery  may  be  ob- 
tained from  these  two  observations.        B.  Sc.  Honours  1885. 

The  proportion  of  the  total  current  which  passes  through 
the  shunted  galvanometer  is  the  same — S/(G  x  S) — in 
both  cases,  if  the  resistance  of  the  two  coils  is  the  same. 
Assuming  further  that  with  the  same  current  the  two  coils 
produce  the  same  effect  on  the  needle,  it  follows  that  the 
current  through  the  galvanometer  in  the  first  experiment  is 
twice  as  strong  as  in  the  second.  From  this  it  can  easily 
be  proved  that  the  internal  resistance  of  the  battery  is 
equal  to  the  additional  resistance  introduced  into  the 
circuit. 

149.  What  measurements  would  you  make  to  test 
Ohm's  law?  A  battery  of  E.M.F.  10  volts  is  working 
in  a  circuit  whose  resistance  is  100  ohms.  How  much 
work  is  done  by  the  battery  in  an  hour  ?  How  is  the 
energy  required  for  this  work  produced,  and  what 
becomes  of  it  ?  Prei.  Sc.  1888. 

150.  State  Joule's  law  of  the  heat  developed  in  wires 
by  electric  currents. 

A  current  is  passed  through  a  coil  of  fine  wire  of 
5  ohms  resistance,  immersed  in  a  vessel  containing  100 
grammes  of  water,  and  the  same  current  also  passes 
through  a  coil  of  4  ohms  resistance,  immersed  in  a  vessel 
containing  100  grammes  of  alcohol.  The  water  rises  2° 
while  the  alcohol  rises  2-5°  in  the  same  time.  Find  the 
specific  heat  of  alcohol  on  the  assumption  that  the  heat 
absorbed  by  the  vessels  may  be  neglected,  and  the  cur- 
rent in  both  cases  merely  passes  through  the  wire,  and 
not  through  the  liquids.  Vict.  int.  1885. 
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151.  A  current  passes  through  two  wires  arranged  in 
parallel  arc.  The  first  wire  is  of  platinum,  1 5  cm.  long 
and  I  mm.  in  diameter  ;  the  second  of  German-silver, 
20  cm.  long  and  0-5  mm.  in  diameter.  Compare  the 
quantities  of  heat  developed  in  the  wires  in  a  given 
time,  the  relative  conductivities  of  platinum  and  German- 
silver  being  70  and  33.  Prel.  Sc.  1886. 

152.  The  resistance  of  a  copper  wire,  through  which 
an  electric  current  of  unknown  strength  is  flowing,  is  3-2 
ohms,  and  the  difference  of  potential  between  its  ex- 
tremities is  2-5  volts.  If  this  wire  be  immersed  in  120 
grammes  of  water,  determine  the  temperature  through 
which  the  water  will  be  raised  in  five  minutes,  assum- 
ing  that    the   water   absorbs   all   the    heat    generated. 

[J  =  4 1  •  5  5  X  1 06  ergs.]  Int.  Sc.  Honours  1886. 

[See  pp.  231-233.  The  amount  of  heat  generated  is  given  by 
the  equation  JH  =  E2t/R,  where  £  =  (2-5)  xio^  and 
R  =  3.2  X  10^.     The  rise  in  temperature  is  i°.i77.] 

153.  The  resistance  of  an  incandescent  lamp  is  40 
ohms,  and  the  difference  of  potential  between  its  two 
terminals  is  45  volts.  Determine  the  heat  produced  in 
it  per  hour. 

[Mechanical  equivalent  of  heat  =  4-2  x  lo^ergs. 

I  volt  =10^  units  of  electromotive 

force. 
I  ohm  =  10^  units  of  resistance.] 

Int.  Sc.  Honours  1885. 

154.  A  metal  disc  revolves  in  a  magnetic  field  about 
an  axis  through  its  centre  and  perpendicular  to  its  plane. 
Determine  the  electromotive  force  between  centre  and 

circumference.  int.  Sc.  Honours.  1885. 

155.  Ninety  incandescent  lamps  are  placed  in  parallel 
circuit,  and  a  current  of  40  amperes  is  distributed  be- 
tween them,  the  E.M.F.  between  the  terminals  being  120 
volts.  The  resistance  of  the  conductors  is  -2  ohm,  and 
that  of  the  dynamo  (series)  is  -25  ohm,  and  the  insula- 
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tion  resistance  between  the  flow  and  return  conductors 
is  looo  ohms.  What  horse- power  will  be  required  for 
electrical  work,  and  how  much  will  be  wasted  ?     (i  H.-P. 

=  746  watts.)  Ind.  C.  S.  1885. 

156.  A  dynamo  running  at  100  volts  is  employed  to 
drive  a  motor.  The  whole  resistance  of  the  circuit,  in- 
cluding the  dynamo  and  motor,  is  only  half  an  ohm,  but 
the  whole  current  only  20  amperes.  Account  for  this 
by  elementary  principles.  ind.  c.  S.  1886. 

157.  The  carbon  filament  of  an  incandescent  lamp 
being  i  5  cm.  long  and  0-025  cm.  in  diameter,  the  current 
in  the  lamp  1-5  ampere,  the  electromotive  force  between 
the  terminals  50  volts,  and  the  temperature  of  the  fila- 
ment 2000°,  determine  the  emissive  power  of  its  surface 

for  heat.  B.  Sc.  Honours  1884. 


ANSWERS 

AND    HINTS   FOR   SOLUTION 

Chapter  I — Dynamics 

4.  Acceleration  =  2-5  ;  space  described  =  ii 2 5  cm. 
6.  20  cm.  per  sec.  6.  6666-6  dynes.  7.  lo^  gm. 
8.  10  min.  9.  i  hr.  23  min.  20  sec.  lO.  3 7' 5  dynes. 
13.  2.5  ft.  per  sec.  14.  'z//24o.  16.  38,400.  17.  (i) 
5  oz. ;  (2)  2  oz.  18.  32.  19.  981.  20.  9,810,000; 
1/98 1.  21.  4-45  X  lO'^  dynes.  22.  785  cm.  per  sec. 
per  sec.  23.  12-8;  96,000.  24.  150  ft.  per  sec; 
900.  25.  4  ft.  per  sec.  per  sec.  26.  4-524  x  10'''. 
27.  i/i  20  of  a  poundal.  28.  The  force  is  to  the  weight 
of  a  gramme  as  25,000  to  327.  29.  Acceleration 
=  1/70;  velocity=  1/7.  31.  8-075  oz.  32.  The  force 
is  equal  to  the  weight  of  5-6  lbs.;  acceleration  produced 
=  0-08  ft.-sec.  units.  33.  1,774,080.  34.  As  80  :  7. 
35.  82-5  sec.  36.  Momentum  =  1,471,500.  37.  The 
force  is  equal  to  3-2  poundals,  or  is  one-tenth  of  the 
weight  of  I  lb.  38.  As  224:675.  39.  32  \/i65  ft. 
per  sec.  40.  Acceleration  =  4  ;  space  described  =  50 
ft.  41.  Acceleration  =  8 1  ;  tension  =  145,800  dynes. 
42.  18  ft.  43.  3  gm.  44.  72  ft.  45.  Accelera- 
tion =^/4;  distance  =  2^.  46.  Tension  =  16-8  lbs. 
weight  =  537-6  poundals.  47.  709-1  cm.  per  sec.  48. 
5:3.     49.   242-4  ft.      51.  Acceleration  =  I  ft.-sec.  unit ; 
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space  =  6    in.       52.  ^=950.       53.   About    9-5    gm. 
54.^=980.     55.   Sin-i(i/48). 

57.  26-32  poundals.  58.  Tension  =  weight  of 
4024.3  gm.  59.  o-i  1 13  ft.-sec.  units.  62.^=981.05. 
63.  ^=32.227.  64.  It  would  have  to  be  shortened  to 
3/i9ths  of  its  original  length.  6Q.  ^=32.191;  39.69 
in.  67.  The  pendulum  is  0.2717  in.  too  long,  therefore 
8.15  turns  are  required  to  correct  it. 

77.  9.6  X  I  o^  gramme-centimetres ;  9.4176  x  lo^ergs. 
78.  288,000  ft. -lbs.  79.  10:27.  80.  1820  v/3  ft.-lbs. 
81.  9600  ft.-lbs.  82.  1.44  X  I  o9  ergs.  83.  (i)  equal; 
(2)  inversely  proportional  to  the  masses.  84.  20.16 
ft.-lbs.  85.  69.12  ft.-lbs.  86.  6788^  ft. -tons.  87. 
In  the  ratio  of  400  to  i.  88.  1634.3  ft.-tons. 
89.  706.9  ft.-lbs.  90.  Total  work  =  11,000  ft.-lbs. 
91.   98,175,000  ft.-lbs. 

Q^.  (0  336,000  ft.-lbs. ;  (2)  10,752,000  ft. -poundals. 
100.  33  ft.  101.  2500  ft.-lbs.  102.  3.767  X  I  oio  ergs. 
103.  9.81  X  lo^  ergs.  104.  6.25  x  lo^o  ergs.  105. 
4-5  X  10^2  QYgs.  106.  Momentum  =  8960  \/ 2^;  K.E 
=  143,360  ft.-poundals,  or  in  ft.-lbs.  =  143,360/32  = 
4480.  107.  1536  ft.-poundals,  or  48  ft.-lbs.  108.  The 
initial  velocity  must  have  been  96  ft.  per  sec,  and  the 
final  energy  must  =  K.E.  at  starting  =  5  x  (96)^2^^=  720 
ft.-lbs.  109.  Force  =  300  poundals  ;  K.E.  =  225,000  ft.- 
poundals.  110.  8  X  ioi<^  ergs.  112.  2.5  x  ioi<>  ergs. 
113.  16,940  ft.-lbs.  114.  8.5  X  106  ergs.  116.  18  cm. 
117.  K.E.  =  1210  ft.-tons;  a  force  equal  to  the  weight 
of  1 1  ton.  118.  5  46 1 J  ft.-poundals.  119.  As  112  1625. 
120.  9-37  5  X  lo^  dynes.  121.  13,090  ft.-lbs.  123. 
32,000  ft.-lbs.;  320  ft.  per.  sec.  124.  K.E.  before  im- 
pact =  1 50,000.  125.  Force  =  716-8  poundals;  work 
=  114,688  ft.-poundals.  126.  Mass  =  45;  velocity  = 
2/3.     127.  As  (  n/J-  I)  :  I. 
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130.  (i)  4561  kilogramme -metres  per  min. ;  (2) 
7-456  X  I o^  ergs  per  sec.  131.  38,016  cub.  ft.  132.  9^^ 
H.P.  133.  52^  miles  per  hour.  134.  16-8  H.P. 
135.  151.2  H.P.  136.  192  H.P.  137.  480  H.P. 
138.  At  the  rate  of  3.367  H.P.  139.  The  unit  of  work 
would  be  increased  ten-fold ;  the  numerical  value  of  the 
horse-power  would  not  be  changed. 

EXAMINATION    QUESTIONS 

141, 143.  See  Introduction,  §  8,  and  Ch.  I.,  Exs.  16  and 
26.  145, 146.  See  §§  8  and  9  and  Exs.  27  and  ^7.  150. 
The  proof  follows  easily  when  the  dimensions  [MLT"^] 
of  force  are  known.  156.  When  describing  a  circle  of 
100  ft.  radius,  his  inchnation  to  the  ice  is  84°.  162.  (i) 
2000  ft.-lbs.  ;  (2)  1562.5  ft.-lbs.  171.  See  Ex.  97. 
174.  This  example  is  also  inserted  (and  solved)  in  the 
chapter  on  Thermodynamics  (Ch.  V.,  40).  175.  K.E. 
of  tram-car  =  43 1,500  ft.-poundals  ;  work  done  in  a  run 
of  3  miles  =  22,065,120  ft.-poundals. 
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3.  The  dimensions  of  pressure  are  the  same  as  those 
of  force,  viz.  MLT~^;  the  dimensions  of  intensity  of 
pressure  (force  per  unit  area)  are  ML~^T~^.  6.  124.4 
lbs.  per  cub.  ft.  7.  0-5787  oz.  per  cub.  in.  8.  1.736 
oz.  per  cub.  in.  10.  13.824.  11.  10.98  lbs.  12. 
0-7055  grn.  per  c.c.  13.  300.8  lbs.  14.  3.2  cub.  ft. 
16.  Cross-section  =  0.3676  sq.  cm. ;  diameter  =  0-683 
cm.  17.  1 11.97  gm,  18.  1.4.  19.  4-5  cm.  20.  As 
27:10.  21.  19-712  gm.  23.  4-516.  24.  4-57. 
25.  15J/8.  26.  Its  density  is  0-925  that  of  air.  27. 
0-823.  28.  1.5.  31.  (i)  100  gm.  per  sq.  cm.;  (2) 
98,100  dynes  per  sq.  cm.  32.  4.273x10*.  33.  73-53 
cm.     34.  4100  gm.  weight.     35.   206,991  dynes  per  sq. 
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cm.  36.  10.193  metres.  37.  98,100  dynes  per  sq. 
cm.  38.  12,750  gm.  weight.  39.  1/384  lb.  per  cub. 
in.  40.  18,750  lbs.  per  sq.  ft.  41.  17-36  lbs.  per 
sq.  in.  42.  138-2  ft.  43.  337,920  lbs.  per  sq.  ft.  44. 
28-02  lbs.  per  sq.  in.  45.  10-193  metres.  46.  0-9. 
47.  49-o8  ft.  48.  21-3  lbs.  per  sq.  in.  49.  Sufficient  to 
occupy  5  in.  of  the  tube.  50,  /'cos  3o°(i  —s).  51.  150 
gm.  52.  68,360  gm.  53.  99,000  gm.  64.  18,150 
gm.  55.  10,000  gm.  on  upper  surface,  11,000  gm.  on 
lower  surface,  10,500  gm.  on  each  of  the  vertical  sides. 

58.  Volume  =  20  c.c. ;  sp.gr.  =  3-1.  59.  22-04  gm. 
60.  2 1 -08  gm.  61.  34  c.c.  62.  425-9  oz.  63.  20-8 
gm.  64.  27.5  gm.  36.  s^  =  fn^sJQn^s^-  m^s-^^  +  m^). 
67.  20.97  gm.  68.  21-57  gm.  69.  A  weight  equal 
to  that  of  the  copper.  70.  Acceleration  =  20^^  ft. -sec. 
units;  time  =1-247  sec.  71.  6-04  lbs.  72.  0-32  gm. 
74.  1000  c.c.  75.  300  c.c.  76.  6437-5  cub.  yds. 
77.  50  c.c.  78.  Sp.  gr.  of  both  solid  and  liquid  =  0-5. 
79.  The  sphere  will  rest  in  equilibrium  with  i/7th  of  its 
volume  immersed  in  the  mercury.  80.  3-^.  81.  1-625. 
82.  1-4.  83.  1-204.  84.  0-8271.  85.  1-434.  86- 
0-9127.  88.  11-31.  89.  1.948.  90.  0-7351.  91. 
0.8.  92.  4-75.  93.  3-219.  94.  1-059.  99.  Sp.  gr. 
of  pebble  =2-74;  of  spirit  =  0-825.  100-  240  lbs. 
101.  10,080  lbs.  102.  Ratio  of  arms  =  8  :  5.  103. 
Pressure  =  8064  lbs.;  distance  =  0.1042  in.  104. 
Mechanical  advantage  =  1440. 

107.  Apparent  height  =  20  s/3  in.  =  34.64  in.  108. 
34  ft.  109.  13.6  in.  110.  25.197ft.  111.(1)0-0938; 
(2)  1.276.  112.  11.86  metres.  113.  10,546  kgm. 
per  sq.  metre.  115.  1,039,890  dynes  per  sq.  cm.  116. 
14.01  lbs.  per  sq.  in.  117.  30,000  oz.  per  sq.  ft.  118. 
1 006. 1  gm.  per  sq.  cm.,  or  10,061  kgm.  per  sq.  metre. 
119.  4-045  X  io~  dynes.  120.  A  change  of  about  half 
a  pound   (0.4917   lb.)  per   sq.   in.      124.  p  :  p' =  g  :  i. 
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125.  P'.p'  =  f'^\f^.  126.  71.93  cm.  127.  360  lbs. 
per  sq.  in.;  3.6  in.  128.  As  i  :  1-306.  129.  1-395 
gm.  130.  Pressure  =  2  atmospheres.  131.  96-6  cm. 
132.  It  will  descend  1-2  in.  133.  p\p'  =  r  \r.  135. 
54-1  cm.  136.  The  tube  should  have  been  raised 
until  a  length  of  80  cm.  stood  out  of  the  mercury. 
138.  68-85  cm.  139.  About  18  cm.  140.  f  cub. 
in.  142.  (i)  34-2  c.c. ;  (2)  87  c.c.  144.  4.34  ft. 
145.  4-49  ft.  146.  It  must  be  lowered  until  its  top  is 
66  ft.  below  the  surface.  148.  164-3  cub.  ft.;  80-3  in. 
149.  0-876  in.  150.  The  jar  must  be  sunk  until  its 
mouth  is  33-64  ft.  below  the  surface.  152.  D„  = 
(3/4)1^0  =  0-056310.  154.  0-4363  gm.  155.  0-741 
gm.      158.   260  kgm. 

EXAMINATION    QUESTIONS 

159.  See  Ch.  VII.  p.  172.  164.  See  p.  58;  pres- 
sure =2379-3  gm.  per  sq.  cm.  166.  Whole  pressure 
=  3750  lbs.;  resultant  pressure  =  625  lbs.  167.  A 
force  equal  to  the  weight  of  320  lbs.  172-175.  See  pp. 
62,  63,  and  Ex.  171.     189.  See  Ex.  137. 


Chapter  III — Heat 

I.  Expansion  of  Solids. — 4.  2-0068  metres; 
150°.  5.  153-86  cm.  6.  0-0432  in.  7.  263-16  cm. 
8.  87-2464  cm.  9.  1-00095  yard.  10.  22-128  cm. 
11.  Coefficient  of  expansion  =  o-oooo8  ;  temperature  = 
260°.  12.  100  cm.  13.  0-02864  in.  14.  0-0144  sq. 
ft.  15.  0-01764  ft.  17.  300-912  sq.  cm.  18.  1-00649 
metre.  19.  36  cm.  20.  When  the  pendulum  keeps 
correct  time  {i.e.  at  5°),  it  swings  86,400  times  per  day 
(supposing  it  to  be  a  seconds  pendulum  ;  see  p.  30). 
At  30°  its  length  is  increased  in  the  ratio  of  1-0003  '•  '> 
and  it   now  swings    86,400  \/i/i. 0003  times  per  day. 
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Referring  to  p.  19,  it  will  be  seen  that  \/i/i'003  = 
i/i-oooi  5  =  I  -  o-oooi  5  approximately.  Therefore  the 
clock  loses  86,400x0.00015=12-96  sees,  per  day. 
21.  It  will  gain  20-52  sees,  per  day.  23.  The  required 
temperature  is  i96°-4,  and  the  common  length  at  this 
temperature  is  251-424  cm.  24.  12°.  See  §  11  for 
this  and  the  next  example.  25.  Increase  in  volume  = 
2-592  cub.  in.     27.   10-22.      28.   48-373  c.c. 

2.  Expansion  of  Liquids.  —  29.  0-00002797. 
33.  0-000302.  34.  0-000301.  37.  0-00018 1 7.  38. 
io3°-8.  45.  0-0001558.  46.  The  coefficient  of  appar- 
ent expansion  of  the  mercury  is  0-0001546,  and  this 
gives  0-0000274  as  the  coefficient  of  expansion  of  the 
glass.  47.  1-57  c.c.  48.  i32°-3  49.  io9°-65. 
50.  9-517  gm.  54.  The  volume  of  the  solid  is  12-9752 
c.c.  at  10°,  and  12-9914  c.c.  at  95°;  .'.its  coefficient  of 
expansion  is  0-00001468. 

3.  Expansion  of  Gases. — 58.  3-187  Htres;  54°-6. 
59.  (i)  ii-i61itres;  (2)  12-38  litres.  60.  221-978C.C. 
61.  0-1023 1  gni-  62.  333°.  63.  69-63  cm.  at  0°; 
95-12  cm.  at  100°.  64.  2190-1  c.c.  65.  0-00367. 
ee.  77°-6.  69.  i8°-74.  70.  The  temperature  must 
rise  from  10°  to  57°- 16.     71.   322-6  c.c. 

77.  As  I  :  0-9269.  78.  998-9  c.c.  79.  10-47  at- 
mospheres. 80.  As  I  :  0.7808.  81.  As  i  :  2-256. 
82.  The  temperature  must  fall  to  -  2° J.  84.  0-599 
gm.  85.  924-9  kgm.  86.  11-66  litres.  87.  11-97 
gm.  88.  0-3743  gm.  90.  1991  c.c.  91.  37-98  in.; 
at  4S9°-S.  92.  As  I  :  1-02.  93.  The  temperature 
must  rise  to  7°- 1 8.  94.  (i)  :  (2)=  i  :  0-891.  95.299°. 
96.  9i°.8.     99.    i3°-65. 

EXAMINATION    QUESTIONS 

100.  The  lengths  must  be  inversely  proportional  to 
the   coefficients  of  expansion.      101.  Observe   that   the 
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coefficient  of  superficial  expansion  is  approximately 
double  the  coefficient  of  linear  expansion  ;  see  Introduc- 
tion, §  1 1.  103-106.  See  footnote,  p.  92.  108-113.  See 
Exs.  51  and  53.  117.  For  "50°  C."  in  the  last  line 
read  «-5o°C." 


Chapter  IV — Specific  and  Latent  Heat 

1.  Specific  Heat. — 5.  76,800  heat  units.  7.  1995 
units.  8.  4,804,800  units.  9.  11-875.  11."  0-208. 
12.  Temperature  =  17°- 14.  13.  88°.  14.  As  i  :  0-453. 
16.  22,666|.  17.  0-0313.  18.  0-0962.  19.  0-615. 
20.  9°-49.  21.  0-0556.  22.  0-1327.  23.  5f  gals, 
of  boiling  water,  and  1 4|^  gals,  of  tap-water.  24.  1 73°- 1 . 
26.  As  8  :  9.  27.  68°.  28.  306-4  units.  29.  i35°-3. 
31.     30    gm.        32.    In    the    proportion    of    i    to    3. 

33.  ( Vi  +  V2  +  V3)/(-^i  + -^2  + -^a)-  ^^'  0-6426.  36. 
54°-37.  36.  21-6  gm.  37.  0-03x5.  38.  Exp.  I., 
sp.  ht.  =  0-03097;  Exp.  II.,  sp.  ht.  =  0-03185;  mean 
value  =  0-03 1 4 1.  40.  Express  Q(  and  Qt' in  terms  of 
«,  b^  and  c :  the  difference  between  these  (Q^'  -  Q<)  is 
equal  to  the  mean  sp.  ht.  (S'  )  multiplied  by  the  difference 
of  temperature  (/'  -  /).  Again,  let  this  interval  become 
indefinitely  small ;  in  the  limit  /'  coincides  with  /,  and 
the  mean  sp.  ht.  between  f  and  t'"  becomes  the  true  sp. 
ht.  at  e  (St). 

2.  Latent  Heat. — 48.  6-25  gm.  49.  lof  lbs. 
61.  176-5  gm.  62.  80.  53.  ^^^  lbs.  64.  1-125 
gm.  66.  79.5.  66.  0-0941.  67.  0-1x48.  69- 
15,544.8  pound-degree  units.  60.  1 1,312  of  the  same 
units;  5966-2  lbs.  63.  1-5  lb.  64.  0-5625  lb.  of  ice 
will  be  melted,  and  the  result  will  be  a  mixture  of  ice 
(0.4375  lb.)  and  water  (x-5625  lb.)  at  0°.  66.  The 
temperature  will  be  lowered  by  17°- 5  {i.e.  to  7°-5). 
QQ.   10   lbs.  of  water  at   18°.     67.  The  snow  will  be 
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melted  and  raised  to  io°.  69.  3-26  gm.  70.  3/16 
of  the  water  will  be  frozen.  73.  Contraction  =  0-17  c.c. 
74.  888-8  units.  75.  Contraction  =  0.1021  c.c.  76. 
Contraction  =  0-0214  c.c.  77.  Sp.  heat  =  0-07655. 
78.  Sp.  gr.  of  ice  =  ^i  =  o-9i6.  79.  Ice  melted  =  0-0873 
gm. ;  sp.  heat  of  substance  =  0-08 1 4. 

87.   Vapour-pressure  =  6-5  5  mm.;   relative   humidity      ^ 
=  o-55    (or   55   per  cent).      90.   31,200.      91.    21,480      | 
units.       92.    6-29    lbs.       93.    536-3      94.    37-31    gm. 
95.  As»i  :  5.     97.    541.      98.   25-04. 

EXAMINATION    QUESTIONS 

100.  The  amount  of  heat  required  to  raise  a  volume 
V  of  mercury  through  f  is  Q  =  2/x  13-6  x  0-033/.  To 
raise  an  equal  volume  of  alcohol  through  f  would  require 
an  amount  Q'  =  'z/  x  0-8 5  j-/. 

Thus  ^'_       0-85  J  s 

Q  ~i3-6xo-o33~o-528' 
and  .■.  Q'>  =  <Q  according  as  s>  =  <o-528. 

102.  The  heat  will  be  divided  in  the  ratio  of  i  :  12-5, 
and  the  rise  of  temperature  will  be  i°-85.  104.  Notice 
that  the  thermal  capacity  (8)  of  the  copper  vessel  must 
be  added  to  that  of  the  cold  body  (the  milk).  The  sp. 
heat  of  the  milk  is  0-934.  110-112.  See  pp.  127,  128. 
113.   See  Deschanel,  Natural  Philosophy,  Part  ii.  §435- 


Chapter  V — Conductivity  and  Thermodynamics 

1.  Conductivity.  —  3.  5,760,000.  4.  230,400 
units.  5.  0-16.  6.  1.476  X  lo^o  units.  7.  126  kgm. 
9.  0.0x7.  10.  0.0384.  11.  The  multipHer  for  reduc- 
ing to  the  C.G.S.  system  is  0.0 1. 
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2.  Thermodynamics. — 14.  7.44  gramme-degrees. 
15.  1390  ft.  16.  1-905  X  ioi<^  ergs.  17.  678  metres. 
18.  o°.7i  55  warmer.  19.  4480  gramme-degrees  ;  194. 
metres  per  sec.  20.  2010-16  watts.  21.  85,714  gm. 
22.  Work  done  =  3,683,500  ft. -lbs. ;  rate  of  working 
=  24,557  ft.-lbs.  per  min.  24.  6-77  x  lo^  ergs. 
25.  362-46  metres  per  sec.  26.  The  engine  is  of  67 
H.P.,  and  its  efficiency  is  0-106  (or  10-6  per  cent). 
29.  24,396  units.  33.  2-87  x  10^  ergs.  34.  The  work 
done  is  2124  ft.-lbs.,  and  the  heat -equivalent  of  this 
would  suffice  to  raise  1-528  lb.  of  water  through  1°  C. 
36.  J  =  4-2  X  lol 

EXAMINATION    QUESTIONS 

38.  Taking  as  units  the  pound,  the  inch,  and  the 
second,    the     absolute     conductivity    is     0-00002893. 

41.  Efficiency  =  3-37    %  ;     heat     wasted  =  96-63    %. 

42.  See  Ex.    13.      44.    1258-7  lbs.      45.   Work  done 
=  1-25  X  10'^  ergs.     47.  Work  done  =  2-85  x  lo^  ergs. 


Chapter  VI — Light 

3.  4-41  candle-power.  4.  As  16  :  i,  5.  (i)  i  ft. 
from  candle,  between  this  and  the  lamp  ;  (2)  2  ft.  on 
other  side  of  candle.  8.  5  images.  13.  45°.  (Notice 
that  the  successive  angles  of  incidence  diminish  by  i  5°.) 
21.  p'  =  90  in. ;  image  is  5  in.  long.  23.  /=  -f  i  5  cm. 
(concave).  24.  8  in.  25.  30  in.  behind  the  mirror ; 
magnification  =  6,  26.  /=  i  ft.  i  in. ;  mirror  must  be 
placed  I  ft.  from  object.  27.  (i)  Image  is  virtual  and 
inverted,  4  in.  behind  mirror,  §  in.  in  length  ;  (2)  image 
8  in.  behind  mirror,  \  in.  in  length.  28.  /=i8  in., 
p'  =  '7,6  in. ;  image  would  be  half  size  of  object. 
30.  The  image  is  real  and  twice  the  size  of  the  object ; 
the  magnification  is  the  same  when  p=fl2,  but  in  this 


256  ANSWERS  [ch. 

case  the  image  is  'virtual.      31.    Distance  =  3/      32. 
Half  that  of  the  object. 

38.  8/9;  3/4.  40.  si  2.  41.  si  2.  43.  1-3. 
46.  1-525.  46.  \/2.  47.  Expand  the  expression 
for  /A  given  in  Ex.  44  ;  it  will  be  found  that  cot  —  = 
3-566,  and  .-.  A  =  3i°  20'.  49.  48'  36";  1°  29'. 
51.  3°.  55.  60  cm.  61.  /=  -  4  J  in.  62.  /  =  -  20 
cm.;  as  1:3.  63.  10  cm.  64.  2  ft.  6  in.;  equal. 
QQ.  p'  =  -2  ft. ;  diameter  of  image  =  i  in.  67.  i  ft. 
from  lens,  and  on  the  same  side  as  the  object. 
69.  /=  -  37.5  cm. ;  as  3  :  i .  70.'  /  =  i  ft. ;  /  =  -  3  ft. 
71.  10  in.  from  the  lens  ;  /=  -  8^  in.  72.  p  =  3/. 
73.  {i)  p  =  2  ft.;  (2)/=  I  ft.  74.  16  cm.  78. 
F=  -  10  cm.  79.  F  =  -  24  cm.  80.  /=  +  24  cm. 
81. /j=  -  3  in. ;  F=  -6  in.,  and  .•.y^=  +6  in.  84. 
4  cm.;  magnifying  power  =  20/4=  5.  85.  He  will  be 
able  to  see  distinctly  objects  at  a  distance  of  19-2  cm. 
{i.e.  his  range  of  distinct  vision  will  be  increased  by 
28.8  cm.)  86. /=+20cm.  89.  58.42  cm.  90.  (i) 
16-84  cm.;  (2)  16-60  cm.;  (3)  16-75  cm.:  mean 
=  16-73  cm. 

EXAMINATION    QUESTIONS 

92.  See  Ex.  2.  The  values  of  x  are  +  2§  and  -  24. 
96.  /*=  J2.  109.  (i)  A  =  (sin  2°  i8')/ioo  =  o.ooo4oi 
mm.;  (2)  2A  =  (sin  4°  35')/ioo  =  o.ooo799  mm.  Mean 
value  of  A  =  0.0004  "im.  =  4000  tenth-metres. 


Chapter  VII— Sound 

1.  341.8  metres  per  sec.  2.  3o°-4.  3.  4.39  sec. 
5.  128-1,  or  almost  exactly  the  note  C.  6.  1 261.2 
metres  per  sec.  7.  129.6  cm.  9.  2.059x10^0. 
11.  2.109  X  I ©12.  13.  A  fifth  {c  to  g).  14.  g",  i.e.  a 
twelfth  above  the  octave  of  ^.     15.  25  lbs. ;  an  additional 
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II  lbs.  {i.e.  total  weight  =  36  lbs.)  16.  1-024x108 
dynes.  17.  46-8  vibrations  per  sec.  18.  Stretching 
force  =  6-759  x  lo^  dynes  =  weight  of  6-89  kgm. 
20.  440  vibrations  per  sec.      23.   460. 

EXAMINATION   QUESTIONS 

24.  V  =  sJt.  X  10^  =  1-414  X  10^  cm.  per  sec. 
26.  Vibration  frequency  =  7 1 .  27.  Length  of  tube  = 
I  ft.  2  in.  28.  Frequency  =  «x  \/7/8.  29.  25-6  gm. 
for  5  segments,  and  17-7  gm.  for  6  segments. 


Chapter  VIII — Magnetism 

3.  8  dynes.  4.  12-8  dynes.  6.  5.  6.  24.  8.  18. 
9.  As  kJi  :  sf^.  16.  As  0-417  :  i.  17.  As  0-352  :  i. 
18.    18.93. 

examination  questions 

25.  Torsion  in  first  case  is  360°  —  30°  =  330°.  The 
required  amount  of  torsion  in  the  second  case  is  2  x  330 
(for  sin  90°=  2  x  sin  30°).  Hence  the  torsion-head 
must  be  turned  through  660° +  90°  =  750°. 


Chapter  IX — Electrostatics 

2,  -27.  3.  12  cm.  4.  8  dynes.  6.  Charge  = 
+  10.9.  8.  Attractive  force  =  2  dynes;  repulsive  force 
=  0-25  dyne.  9.  The  resultant  force  at  the  third  corner 
is  \/3/2oo,  and  acts  along  the  bisector  of  the  angle. 
11.  o-=  io/7r=3-i8.  12.  198  units.  14.  B  will  be  in 
equilibrium  between  A  and  C  at  a  distance  AC/3  from 
A  ;  it  will  also  be  equally  repelled  by  both  when  it  is 
placed  on  C A,  produced  so  that  B A  =  AC. 
s 
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17.  2V2  =2-828.  18.  Potential  is  40;  charges  are 
400  and  600.  19.  Potential  15;  charges  1125  and 
375.  20.  5/3  =  16.6.  21.  L;  50.  23.  Distance 
=  4  \/5  cm.;  force  =  o- 1 6  dyne.  25.  8.  27.  As  8  :  i; 
52.5  units.     28.  As  2:1.     30.  As  9  :  8.     32.  500. 

38.  4284.  39.  341-8  and  158-2  40.  Charge  on 
large  sphere  =  80,  on  small  sphere  =  440 ;  common 
potential  =  8.     41.  34-34  metres. 

43.  75,000  ergs.  44.  300  units;  4500  ergs. 
46.  13,440  ergs.  46.  The  potentials  are  as  3:8;  the 
energies  of  the  charges  are  as  9:16.  47.  As  1:6. 
49.  Potential  =  346-4.  51.  As  1:3.  52.  As  1:5. 
55.  The  energies  of  the  several  discharges  (taken  in  the 
same  order  as  in  Ex.  42)  are  as  9:3:4:2.  5Q.  As 
4:  I. 

EXAMINATION   QUESTIONS 

61.  The  resultant  force  at  the  given  point  acts  along 
the  linfe  parallel  to  the  centres  of  the  spheres,  and  is 
equal  to  0-0025  dyne.  63,  For  B  i/4th,  and  for  C 
i/i6th  of  the  corresponding  amount  for  A. 


Chapter  X. — Current  Electricity 

4.  2-823  ohms.  6.  60  volts.  6.  50  ohms.  7.  o-2 
ampere.  8.  5  cells.  9.  Current  =  8  J  amperes  ;  poten- 
tial of  point  B  =  80  volts.  10.  Current  =1-2  ampere; 
potential  difference  =  1-44  volt.     11.   Original  resistance 

=  15  ohms  ;  additional  resistance  required  =15  ohms. 
12.  20  cells.  13.  6  additional  cells.  14.  1-6  ampere. 
15.  4  metres.  16.  The  two  E.M.F.'s  are  equal. 
17.  Resistance  of  battery  =  60  ohms  ;  resistance  of  wire 

=  28-8  ohms.  18.  1.07  volt  E.M.F.,  and  13  ohms 
resistance  per  cell;  potential  difference  =  14-98   volts. 
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19.  E.M.F.  of  accumulator  =2-2  volts  ;  current  after  re- 
arrangement =  I  milliamp^re.  20.  1 1  ohms.  21.  Cur- 
rent is  increased  in  ratio  of  7  :  10.     23.   i  5  cells. 

27.  0-6  mm.  28.  18 1.3  metres.  20.  The  resist- 
ance of  B  is  81  times  that  of  A.  30.  72  ohms. 
31.  I '24  ohm.  32.  6  ohms.  33.  20-31  ohms. 
34.  0-9434  ohm.  36.  0-2903  ohm.  36.  As  1:4. 
37.  0-007547  ohm.  38.  872-8  cm.  39.  If  r  is  ex- 
pressed in  C.G.  S.  units,  the  specific  resistance  is 
7rr/4o,ooo  w«2.  40.  0-2188  ohm.  41.  As  5:1. 
42.  1080  yards.  43.  3-04  microhms.  44.  32-48 
microhms.     45.   0-0783  ohm. 

49.  5-41 1  amperes.  50.  0-0754  dyne.  52.  0-206 
ohm.      53.    1 5  ohms.     54.   4 1  ohms.     ^Q.  As  13:8. 

62.  I- 1 86  gm.  63.  Nearly  2  hours.  64.  0-05055 
ampere.  65.  0-0003295.  QQ.  0-6755  ampere.  67. 
4017  amperes.     68.   2-658.     69.  0-3355. 

73.  The  resistance  is  equal  to  that  of  one  of  the  sides. 

74.  3^/4,  where  r  is  the  resistance  of  one  of  the  sides. 

75.  1 1  ohms.  76.  C  :  C  =  /'j  :  Is'.  77.  The  current 
will  be  doubled.  78.  89-1  legal  ohms.  80.  4-5  am- 
peres. 81.  The  resistance  will  be  diminished  by  one- 
fourth.  82.  6-2 58 r,  where  r  is  the  resistance  of 
an  inch  of  the  base  wire.  86.  C  :  C'  =  B(G  +  S)  4- 
GS  :  (B -f- G):(G -f  S).  87.  4  ohms.  88.  4-5  ohms; 
0-5  ampere.'  89.  C  :  C'=  5  :  6.  90.  C  :  C'=  5  :  3. 
96.   2  ohms;  2-125  amperes. 

100.  2  rows  of  2  cells  each.  101.  2  rows  of  6  cells 
each.  102.  3  rows  of  4  cells  each.  103.  4  rows  of 
12  cells  each;  current  =  0-39  ampere;  potential  differ- 
ence =  5-85  volts. 

108.  ( I )  :  (2)  =  (r,  +  r,)^  :  r^r^.  109.  As  r^r^  :  {r,  +  r,y 
no.  0.8   H.-P.     111.   487.5   watts.      114.  As  3  :  I   in 
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both  cases.  115.  i6°-8.  116.  2-34  watts  per  candle- 
power  ;  32,143  calories.  117.  0-9165  ampere.  118. 
>^  =  o-oo485. 

122.  Horse-power  =  5-986;  efficiency  =  85-5  %. 
127.   Efficiency  =31-9%. 

EXAMINATION    QUESTIONS 

131.  0-186  in.  diam.  132.  As  3-3:2-3.  133. 
0-7643  ohm.  134.  0.5  ampere;  0-1585  ampere. 
136.  166-6  divisions.  137.  2-163  ohms.  138.  20 
cells.  140.  1700  ohms.  141.  Deflection  of  B  =  109-9; 
the  reduction -factors  of  the  two  galvanometers  are  as 
46  :  25  and  their  resistances  as  25  :  18.  149.  3-6  x  lo^^ 
ergs.  150.  Specific  heat  of  alcohol  =  0-64.  151.  As 
I  :  0-0884.     1^3-   43j393  gramme-degrees. 
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CLASSICS. 

ELEMENTARY    CLASSICS. 

l8mo,  Eighteenpence  each. 

This  Series  falls  into  two  Classes — 

(i)  First  Reading  Books  for  Beginners,  provided  not 
only  with  Introductions  and  Notes,  but  with 
Vocabularies,  and  in  some  cases  with  Exercises 
based  upon  the  Text 

(2)  Stepping-stones  to  the  study  of  particular  authors 
intended  for  more  advanced  students  who  are  beginning 
to  read  such  authors  as  Terence,  Plato,  the  Attic  Dramatists 
and  the  harder  parts  of  Cicero,  Horace,  Virgil,  and 
Thucydides. 

These  are  provided  with  Introductions  and  Notes,  but 
no  Vocabulary.  The  Publishers  have  been  led  to  pro- 
vide the  more  strictly  Elementary  Books  with  Vocabularies 
by  the  representations  of  many  teachers,  who  hold  that  be- 
ginners do  not  understand  the  use  of  a  Dictionary,  and  of 
others  who,  in  the  case  of  middle-class  schools  where  the 
cost  of  books  is  a  serious  consideration,  advocate  the 
Vocabulary  system  on  grounds  of  economy.  It  is  hoped 
that  the  two  parts  of  the  Series,  fitting  into  one  another, 
may  together  fulfil  all  the  requirements  of  Elementary  and 
Preparatory  Schools,  and  the  Lower  Forms  of  Public 
Schools. 
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The  following  Elementary  Books,  with  Introductions, 
Notes,  and  Vocabularies,  and  in  some  cases  with 
Exercises,  are  either  ready  or  in  preparation : — 

Aeschylus.— PROMETHEUS  VINCTUS.     Edited  by  Rev.  H. 

M.  Stephenson,  M.A. 
Arrian.— SELECTIONS.      Edited  for  the  use  of  Schools,  with 

Introduction,  Notes,  Vocabulary,  and  Exercises,  by  John  Bond, 

M.A.,  and  A.  S.  Walpole,  M.A. 
AuluS     Gellius,     Stories    from.       Being     Selections    and 

Adaptations  from  the  Nodes  Atticae.     Edited,    for  the   use  of 

Lower  Forms,  by  Rev.   G.   H.   Nall,  M.A.,  Assistant   Master 

in  Westminster  School. 
Caesar — the    Helvetian    war.       Being    Selections    from 

Book   I.   of   the    "  De  Bello  Gallico."      Adapted  for  the  use  of 

Beginners.       With    Notes,    Exercises,    and  Vocabulary,    by    W. 

Welch,  M.A.,  and  C.  G.  Duffield,  M.A. 
THE  INVASION  OF  BRITAIN.     Being  Selections  from  Books 

IV.  and  V.  of  the  "  De  Bello  Gallico. "     Adapted  for  the  use  of 

Beginners.      With    Notes,    Vocabulary,    and    Exercises,   by    W. 

Welch,  M.A.,  and  C.  G.  Duffield,  M.A. 
THE  GALLIC  WAR.     BOOK  I.     Edited  by  A.  S.  Walpole, 

M.A. 
THE   GALLIC    WAR.      BOOKS   IL   and  IIL     Edited  by  the 

Rev.  W.  G.  Rutherford,  M.A.,  LL.D.,  Head-Master  of  West- 
minster. 
THE  GALLIC  WAR.    BOOK  IV.    Edited  by  Clement  Bryans, 

M.A.,  Assistant-Master  at  Dulwich  College. 
THE  GALLIC  WAR.     SCENES  FROM  BOOKS  V.  and  VL 

Edited   by    C.    Colbeck,  M.A.,  Assistant-Master   at    Harrow; 

formerly  Fellow  of  Trinity  College,  Cambridge. 
THE  GALLIC  WAR.      BOOKS  V.  and  VI.  (separately).      By 

the  same  Editor.     Book  V.  ready.     Book  VI.  in  preparation. 
THE  GALLIC  WAR.      BOOK  VII.      Edited  by  John  Bond, 

M.A.,  and  A.  S.  Walpole,  M.A. 
Cicero. — de   SENECTUTE.    Edited  by  E.  S.    Shuckburgh, 

M.A.,  late  Fellow  of  Emmanuel  College,  Cambridge. 
DE  AMICITIA.     By  the  same  Editor. 
STORIES   OF    ROMAN  HISTORY.      Adapted  for  the  Use  of 

Beginners.     With  Notes,  Vocabulary,  and  Exercises,  by  the  Rev. 

G.  E.  Jeans,    M.A.,  Fellow  of  Hertford  College,  Oxford,   and 

A.  V.  Jones,  M.A.  ;  Assistant-Masters  at  Haileybury  College. 
Eutropius. — Adapted   for  the  Use  of  Beginners.     With   Notes, 

Vocabulary,  and  Exercises,  by  William  Welch,  M.A.,  and  C. 

G.  Duffield,  M.A.,  Assistant-Masters  at  Surrey  County  School, 

Cranleigh. 
Homer.— II,IAD.    BOOK  I.  Edited  by  Rev.  John  Bond,  M.A., 

and  A.  S.  Walpole,  M.A. 
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Homer — iliad.  bookxviil  the  ARMSOFACHILLES. 

Edited  by  S.  R.  James,  M.A.,  Assistant-Master  at  Eton  College. 
ODYSSEY.     BOOK  I.     Edited  by  Rev.  John  Bond,  M.  A.    and 
A.  S.  Walpole,  M.A. 

Horace.— ODES.  BOOKS  I.— IV.  Edited  by  T.  E.  Page,  M.  A., 
late  Fellow  of  St.  John's  College,  Cambridge  ;  Ascistant-Master 
at  the  Charterhouse.     Each  is.  6c/. 

Latin  Accidence  and  Exercises  Arranged  for  Be- 
GINNERS.  By  William  Welch,  M.A.,  and  C.  G.  Duffield, 
M.A.,  Assistant  Masters  at  Surrey  County  School,  Cranleigh. 

Livy. — BOOK  I.  Edited  by  H.  M.  Stephenson,  M.A.,  late 
Head  Master  of  St.  Peter's  School,  York. 

THE  HANNIBALIAN  WAR.  Being  part  of  the  XXL  and 
XXII.  BOOKS  OF  LIVY,  adapted  for  the  use  of  beginners, 
by  G.  C.  Macaulay,  M.A.,  late  Fellow  of  Trinity  College, 
Cambridge. 

THE  SIEGE  OF  SYP  ACUSE.  Being  part  of  the  XXIV.  and 
XXV.  BOOKS  OF  LIVY,  adapted  for  the  use  of  beginners. 
With  Notes,  Vocabulary,  and  Exercises,  by  George  Richards, 
M.A.,  and  A.  S.  Walpole,  M.A. 

LEGENDS  OF  EARLY  ROME.  Adapted  for  the  use  of  begin- 
ners. With  Notes,  Exercises,  and  Vocabulary,  by  Herbert 
Wilkinson,  M.A.  \^In preparation. 

Lucian.— EXTRACTS  FROM  LUC  IAN.  Edited,  with  Notes, 
Exercises,  and  Vocabulary,  by  Rev.  John  Bond,  M.A.,  and 
A.  S.  Walpole,  M.A. 

N epos.— SELECTIONS  ILLUSTRATIVE  OF  GREEK  AND 
ROMAN  HISTORY.  Edited  for  the  use  of  beginners  with 
Notes,  Vocabulary  and  Exercises,  by  G.^S.  Farnell,  M.A. 

Ovid.— SELECTIONS.  Edited  by  E.  S.  Shuckburgh,  M.A. 
late  Fellow  and  Assistant-Tutor  of  Emmanuel  College,  Cambridge. 
EASY  SELECTIONS  FROM  OVID  IN  ELEGIAC  VERSE. 
Arranged  for  the  use  of  Beginners  with  Notes,  Vocabulary,  and 
Exercises,  by  Herbert  Wilkinson,  M.A. 
STORIES  FROM  THE  METAMORPHOSES.  Edited  for  the 
Use  of  Schools.  With  Notes,  Exercises,  and  Vocabulary.  By 
J.  Bond,  M.A.,  and  A.  S.  Walpole,  M.A. 

PhsedruS.— SELECT  FABLES.  Adapted  for  the  Use  of  Be- 
ginners. With  Notes,  Exercises,  and  Vocabularies,  by  A.  S. 
Walpole,  M.A. 

Thucydides.— THE  RISE  OF  THE  ATHENIAN  EMPIRE. 
BOOK  L  cc.  LXXXIX.  —  CXVIL  and  CXXVIIL  — 
CXXXVIII.  Edited  with  Notes,  Vocabulary  and  Exercises,  by  F. 
H.  Colson,  M.A.,  Senior  Classical  Master  at  Bradford  Grammar 
School ;  Fellow  of  St.  John's  College,  Cambridge. 

Virgil.— ^NEID.     BOOK  I.     Edited  by  A.  S.  Walpole,  M.A. 
iENEID.     BOOK  IV.      Edited  by  Rev.  H.  M.   Stephenson, 
M.A. 
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Virgil.— ^NEID.  BOOK  V.  Edited  by  Rev.  A.  Calvert, 
M.  A.,  late  Fallow  of  St.  John's  College,  Cambridge. 

^NEID.     BOOK  VI.     Edited  by  T.  E.  Page,  M.A. 

^NEID.  BOOK  IX.  Edited  by  Rev.  H.  M.  Stephenson, 
M.A. 

GEORGICS.     BOOK  L     Edited  by  C.  Bryans,  M.A. 

[In  preparation. 

SELECTIONS.     Edited  by  E.  S.  Shuckburgh,  M.A. 
Xenophon.— ANABASIS.      BOOK    L      Edited     by    A.     S. 
Walpole,  M.A. 

ANABASIS.  BOOK  I.  Chaps.  L— VIII.  for  the  use'of  Beginners, 
with  Titles  to  the  Sections,  Notes,  Vocabulary,  and  Exercises,  by 
E.  A.  Wells,  M.A.,  Assistant  Master  in  Durham  School. 

ANABASIS.     BOOK  IL     Edited  by  A.  S.  Walpole.  M.A. 

ANABASIS,  SELECTIONS  FROM.  BOOK  IV.  THE  RE- 
TREAT OF  THE  TEN  THOUSAND.  Edited,  with  Notes, 
Vocabulary,  and  Exercises,  by  Rev.  E.  D.  Stone,  M.A.,  formerly 
Assistant-Master  at  Eton. 

SELECTIONS  FROM  THE  CYROPiEDIA.  Edited,  with 
Notes,  Vocabulary,  and  Exercises,  by  A.  H.  CoOKE,  M.A.,  Fellow 
and  Lecturer  of  King's  CoUege,  Cambridge. 

The  following  more  advanced  Books,  with  Introductions 
and  Notes,  but  no  Vocabulary,  are  either  ready,  or  m 
preparation : — 

Cicero. — SELECT  LETTERS.  Edited  by  Rev.  G.  E.  Jeans, 
M.A.,  Fellow  of  Hertford  College,  Oxford,  and  Assistant-Master 
at  Hailcybury  College. 

Euripides.— HECUBA.    Edited  by  Rev.  John   Bond,  M.A. 

and  A.  S.  Walpole,  M.A. 
Herodotus.— SELECTIONS  FROM  BOOKS  VIL  and  VIIL, 

THE  EXPEDITION  OF  XERXE3.   Edited  by  A.  H.  Cooke, 

M.  A.,  Fellow  and  Lecturer  of  King's  College,  Cambridge. 
Horace.  —  SELECTIONS     FROM     THE     SATIRES     AND 

EPISTLES.     Edited  by  Rev.  W.  J.  V.  Baker,  M.  A.,  Fellow  of 

St.  John's  College,  Cambridge. 
SELECT  EPODES   AND  ARS  POETICA.     Edited  by  H.  A. 

Dalton,  M.  a.,  formerly  Senior  Student  of  Christchurch ;  Assistant- 
Master  in  Winchester  College. 
Plato. — EUTHYPHRO  AND  MENEXENUS.     Edited  by  C.  E. 

Graves,  M.A.,  Classical  Lecturer  and  late  Fellow  of  St.  John's 

College,  Cambridge. 
Terence. — scenes  from  the  ANDRIA.     Edited  by  F.  W. 

Cornish,  M.A.,  Assistant-Master  at  Eton  College. 
The  Greek  Elegiac  Poets. —  FROM   CALLINUS   TO 

CALLIMACHUS.      Selected  and  Edited  by  Rev.    Herbert 

Kynaston,  D.D.,  Principal  of  Cheltenham  College,  and  formerly 

Fellow  of  St  John's  College,  Cambridge. 
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Thucydides.— BOOK  IV.  Chs.  L— XLL  THE  CAPTURE 
OF  SPHACTERIA.     Edited  by  C.  E.  Graves,  M.A. 

VirgiL — GEORGICS.  BOOK  II.  Edited  by  Rev.  J.  H.  Skrine, 
M.  A.,  late  Fellow  of  Merton  College,  Oxford  ;  Warden  of  Trinity 
College,  Glenalmond. 

*^j*  Other  Volumes  to  follow. 


CLASSICAL  SERIES 
FOR  COLLEGES  AND  SCHOOLS. 

Fcap.  8vo. 
Being  select  portions  of  Greek  and  Latin  authors,  edited 
with  Introductions  and  Notes,  for  the  use  of  Middle  and 
Upper   forms    of    Schools,   or    of    candidates   for    Public 
Examinations  at  the  Universities  and  elsewhere. 
Attic  Orators.— Selections  from  ANTIPHON,  ANDOCIDES, 

LYSIAS,  ISOCRATES,  AND    ISAEUS.     Edited   by  R.  C. 

Jebb,    LittD.,    LL.D.,    Professor  of   Greek   in  the  University 

of  Glasgow.     6j. 
-ffischines.— IN    CTESIPHONTEM.       Edited    by    Rev.    T. 

GWATKIN,  M.A.,  late  Fellow  of  St.  John's  College,  Cambridge. 

\In  the  press, 
^SChyluS, — PERS^.     Edited  by  A.    O.    Prickard,    M.A. 

Fellow  and  Tutor  of  New  College,  Oxford.     With  Map.     y.  6d. 
SEVEN  AGAINST  THEBES.     SCHOOL  EDITION.     Edited 

by    A.    W.    Verrall,    Litt.D.,     Fellow    of    Trinity    College, 

Cambridge,   and  M.   A.  Bayfield,   M.A.,   Assistant  Master  at 

Malvern  College.     3j.  6d. 
Andocides. — DE  MYSTERIIS.    Editedby  W.  J.  Hickie,  M.A., 

formerly  Assistant-Master  in  Denstone  College.     2J.  6d. 
Csesar. — the   gallic   war.     Edited,  after  Kraner,  by  Rev. 

John  Bond,  M.A.,  and  A.  S.  Walpole,  M.A.    With  Maps.  6s. 
Catullus. — SELECT  POEMS.     Edited  by  F.  P.  Simpson,  B.A., 

late   Scholar   of    Balliol    College,    Oxford.       New  and    Revised 

Edition.     5^.     The  Text  of  this  Edition  is  carefully  adapted  to 

School  use. 
Cicero. — the    CATILINE    orations.     From    the  German 

of  Karl  Halm.     Edited,  with  Additions,  by  A.  S.  Wilkins, 

M.A.,  LL.D.,  Professor  of  Latin  at  the  Owens  College,  Manchester, 

Examiner  of  Classics  to  the  University  of  London.     New  Edition. 

3^.  ed. 

PRO  LEGE  MANILIA.  Edited,  after  Halm,  by  Professor  A.  S. 
Wilkins,  M.A. ,  LL.D.     2^.6^1 

THE  SECOND  PHILIPPIC  ORATION.  From  the  Gtrman 
of  Karl  Halm.  Edited,  with  Corrections  and  Additions, 
by  John  E.  B.  Mayor,  Professor  of  Latin  in  the  University  of 
Cambridge,  and  Fellow  of  St.  John's  College.  New  Edition, 
revised.     5^. 
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Cicero.— PRO  ROSCIO  AMERINO.     Edited,  after  Halm,  by 
E.  H.  DoNKiN,  M.A.,  late  Scholar  of  Lincoln  College,  Oxford; 
Assistant- Master  at  Sherborne  School.     4s.  dd. 
PRO  P.  SESTIO.    Edited  by  Rev.  H.  A.  Holden,  M.A.,  LL.D., 
late  Fellow  of  Trinity  College,   Cambridge ;    and  late  Classical 
Examiner  to  the  University  of  London,     ^s. 
Demosthenes.— DE  CORONA.     Edited  by  B.  Drake,  M.A., 
late  Fellow  of  King's  College,    Cambridge.      New   and   revised 
Edition.     4^.  6d. 
ADVERSUS  LEPTINEM.      Edited  by  Rev.  J.  R.  King,  M.A. 

Fellow  and  Tutor  of  Oriel  College,  Oxford.     4>r.  dd. 
THE  FIRST  PHH^IPPIC.     Edited,  after  C.  Rehdantz,  by  Rev. 
T.  Gwatkin,  M.  a.,  late  Fellow  of  St.  John's  College,  Cambridge 
2J.  6d. 
IN  MIDIAM.     Edited    by    Prof.   A.    S.   Wilkins,    LL.D.,  and 
Herman  Hager,  Ph.D.,  of    the  Owens    College,  Manchester. 

[/«  preparation. 
Euripides.— HIPPOLYTUS.     Edited  by  J.  P.  Mahaffy,  M.  A., 
Fellow  and  Professor  of  Ancient  History  in  Trinity  College,  Dub- 
lin, and  J.  B.  Bury,  Fellow  of  Trinity  College,  Dublin.   3J.  6d. 
MEDEA.       Edited  by   A.    W.    Verrall,    Litt.D.,     Fellow  and 

Lecturer  of  Trinity  College,  Cambridge.     3X.  6d. 
IPHIGENIA  IN  TAURIS.     Edited  by  E.  B.  England,  M.A., 
Lecturer  at  the  Owens  College,  Manchester.     4J.  dd. 
Herodotus.— BOOKS  v.  and  VI.     Edited  by  J.  Strachan, 
M.A.,  Professor  of  Greek   in   the  Owens   College,    Manchester. 

[/«  preparation. 
BOOKS  VII.  and  VIIL     Edited  by  Mrs.  Montagu  Butler. 

\In  the  press. 

Hesiod.— THE    WORKS    AND    DAYS.      Edited   by   W.    T. 

Lendrum,  Assistant  Master  in  Dulwich  College.  \In  preparation. 

Homer. — iliad.    books  l,  ix.,  xl,  xvl— xxiv.  the 

STORY  OF  ACHILLES.     Edited  by  the  late  J.  H.   Pratt, 

M.A.,  and  Walter  Leaf,  Litt.D.,  Fellows  of  Trinity  College, 

Cambridge.     6j. 
ODYSSEY.  BOOKIX.  EditedbyProf.  John E.B.  Mayor,  zs.dd. 
ODYSSEY.      BOOKS  XXL— XXIV.      THE   TRIUMPH   OF 

ODYSSEUS.    Edited  by  S.  G.  Hamilton,  B.A.,    Fellow  of 

Hertford  College,  Oxford.     3J.  dd. 
Horace. — the  odes.     Edited  byT.  E.  Page,  M.A.,  formerly 

Fellow  of  St.  John's  College,  Cambridge  ;    Assistant-Master  at 

the  Charterhouse.    6s.   (BOOKS  I.,  II.,  IIL,  and  IV.  separately, 

2J.  each.) 
THE  SATIRES.     Edited  by  Arthur  Palmer,  M.A.,  Fellow  of 

Trinity  College,  Dublin ;  Professor  of  Latin  in  the  University  of 

Dublin,     ds. 
THE   EPISTLES   and    ARS    POETICA.      Edited    by    A     S. 

Wilkins,  M.A.,  LL.D.,  Professor  of  Latin  in  Owens  College, 

Manchester;     Examiner     in     Classics    to     the      University     of 

London.     6s. 
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Isaeos.— THE  ORATIONS.     Edited  by  William  Ridgeway, 

M.A.,  Fellow  of  Cains  College,   Cambridge;    and   Professor  of 

Greek  in  the  University  of  Cork.  \In  preparation. 

Juvenal,      thirteen     satires.      Edited,    for  the    Use  of 

Schools,  by  E.  G.   Hardy,  M.A.,  late  Fellow  of  Jesus  College, 

Oxford,     5  J. 

The  Text  of  this  Edition  is  carefully  adapted  to  School  use. 
SELECT  SATIRES.     Edited  by  Professor  John  E.  B.  Mayor. 

X.  AND  XI.     3^.  ed.     XII.— XVI.     4J.  (>d. 
Livy. — BOOKS  II.  AND  IIL   Edited *by  Rev.  H.  M.  Stephenson, 

M.A.     5J. 
BOOKS  XXL  AND  XXII.    Edited  by  the  Rev.  W.  W.  Capes, 

M.A.     Maps.    5j. 
BOOKS  XXIII.  AND  XXIV.   Edited  by  G.  C.  Macaulay,  M.A. 

With  Maps.     5^. 
THE   LAST   TWO    KINGS    OF  MACEDON.      EXTRACTS 

FROM    THE     FOURTH     AND     FIFTH     DECADES     OF 

LIVY.       Selected  and  Edited,  with  Introduction  and  Notes,  by 

F.  H.  Rawlins,  M.A.,  Fellow  of  King's  College,  Cambridge;  and 

Assistant-Master  at  Eton.     With  Maps.     3j.  dd. 
THE   SUBJUGATION   OF   ITALY.      SELECTIONS   FROM 

THE  FIRST  DECADE.     Edited  by  G.  E.  Marindin,  M.A., 

formerly  Assistant  Master  at  Eton.  [/«  preparation, 

Lucretius.      BOOKS  I.— IIL     Edited  by  J.  H.   Warburton 

Lee,  M.A.,  late  Scholar  of  Corpus  Christi  College,  Oxford,  and 

Assistant- Master  at  Rossall.     4^.  dd. 
Lysias. — SELECT  ORATIONS.    Edited  by  E.  S.  Shuckburgh, 

M.A.,  late  Assistant-Master  at  Eton  College,  formerly  Fellow  and 

Assistant-Tutor  of  Emmanuel  College,  Cambridge.    New  Edition, 

revised.     6j. 
Martial.  —  SELECT    EPIGRAMS.      Edited    by  Rev.   H.    M. 

Stephenson,  M.A.  New  Edition,  Revised  and  Enlarged.    6j.  6</. 
Ovid. — FASTI.     Edited  by  G.  H.  Hallam,  M.A.,  Fellow  of  St. 

John's   College,    Cambridge,   and  Assistant-Master  at    Harrow. 

With  Maps.     SJ. 
HEROIDUM  EPISTULiE  XIIL  Edited  by  E.  S.  Shuckburgh, 

M.A.    4^.  dd. 
METAMORPHOSES.    BOOKS  L— IIL    Edited  by  C.  Simmons, 

M.A.  \In  preparation. 

METAMORPHOSES.     BOOKS   XIIL   and   XIV.     Edited  by 

C.  Simmons,  M.A.    4J.  6</. 
Plato. — MENO.     Edited  by  E.  S.  Thompson,  M.A.,  Fellow  of 

Christ's  College,  Cambridge.  \In  preparation. 

APOLOGY  AND   CRITO.      Edited  by  F.   J.    H.   Jenkinson, 

M.A.,  Fellow  of  Trinity  College,  Cambridge.         \_In  preparation. 
LACHES.   Edited,  with  Introduction  and  Notes,  by  M.  T.  Tatham, 

M.A.,    Balliol    College,    Oxford,    formerly   Assistant    Master    at 

Westminster  School.     2J.  bd. 
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Plato.— THE  REPUBLIC.  BOOKS  L— V.  Edited  by  T.  H. 
Warren,  M.A.,  President  of  Magdalen  College,  Oxford. 

[In  the  press, 

Plautus.— MILES  GLORIOSUS.     Edited  by  R.  Y.  Tyrrell. 

M.  A.,  Fellow  of  Trinity  College,  and  Regius  Professor  of  Greek  in 

the  University  of  Dublin.     Second  Edition  Revised.     5^. 

AMPHITRUO.     Edited  by  Arthur  Palmer,  M.A.,  Fellow  of 

Trinity  College  and  Regius  Professor  of  Latin  in  the  University 

of  Dublin.  [/«  preparation. 

CAPTIVI.      Edited  by  A.  Rhys   Smith,  late  Junior  ^Student  of 

Christ  Church,  Oxford.  \_In  preparation. 

Pliny. — LETTERS.  BOOK  HI.  Edited  by  Professor  John  E.  B. 
Mayor.     With  Life  of  Pliny  by  G.  H.  Rendall,  M.A.     5j. 
LETTERS.     BOOKS  I.  and  II.      Edited  by  J.   Cowan,  B.A., 
Assistant-Master  m  the  Grammar  School,  Manchester. 

[/«  preparation. 

Plutarch. — life  of  THEMISTOKLES.  Edited  by  Rev. 
H.  A.  Holden,  M.A.,  LL.D.     %$. 

Polybius.— THE  HISTORY  OF  THE  ACH^AN  LEAGUE 
AS  CONTAINED  IN  THE  REMAINS  OF  POLYBIUS. 
Edited  by  W.  W.  Capes,  M.A.     6j.  (>d, 

Propertius. — SELECT  POEMS.     Edited  by    Professor   J.    P. 
Postgate,  M.A.,  Fellow  of  Trinity  College,  Cambridge.    Second 
Edition,  revised.     6j. 
Sallust. — CATILINA  and  JUGURTHA.     Edited  by  C.  Meri- 
VALE,  D.D.,  Dean  of  Ely.     New  Edition,  carefully  revised  and 
enlarged,  4^.  dd.     Or  separately,  is.  6d.  each. 
BELLUM  CATULINAE.     Edited  by  A.  M.  Cook,  M.A.,  Assist- 
ant Master  at  St.  Paul's  School.     4J.  6^. 
JUGURTHA.     By  the  same  Editor.  [In  preparation. 

Sophocles. — ANTIGONE.  Edited  by  Rev.  John  Bond,  M.  A., 
and  A.  S.  Walpole,  M.A.  {In preparation, 

Tacitus. — AGRICOLA   and    GERMANIA.     Edited  by  A.   J 
Church,   M.A.,   and  W.   J.   Brodribb,   M.A.,  Translators  of 
Tacitus.     New  Edition,  3J.  6d.     Or  separately,  2s.  each. 
THE  ANNALS.     BOOK  VI.     By  the  same  Editors.     2s.  6d. 
THE    HISTORIES.     BOOKS   I.   and  II.     Edited  by  A.   D 

Godley,  M.A.    5j. 
THE  HISTORIES.     BOOKS  IIL—V.     By  the  same  Editor. 

[In  preparation. 

THE  ANNALS.     BOOKS  L  and  II.     Edited  by  J.   S.   Reid, 
M.L.,  Litt.D.  \In  preparation. 

Terence. — HAUTON    TIMORUMENOS.      Edited  by  E.    S. 
Shuckburgh,  M.A.     3j.     With  Translation,  4^.  dd. 
PHORMIO.    Edited  by  Rev,   John  Bond,   M.A.,   and   A.  S. 
Walpole,  M.A.    \s.  6d. 
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Thucydides.  BOOK  IV.  Edited  by  C.  E.  Graves,  M.A., 
Classical  Lecturer,  and  late  Fellow  of  St.  John's  College, 
Cambridge.     5^. 

BOOKS  III.  AND  V.  By  the  same  Editor.  To  be  published 
separately.  [In  preparation.    {Book  V.  in  the  press.) 

BOOKS  I.  AND  II.     Edited  by  C.  Bryans,  M.A.   \_In  preparation. 

BOOKS  VI.  AND  VIL  THE  SICILIAN  EXPEDITION.  Edited 
by  the  Rev.  Percival  Frost,  M.A.,  late  Fellow  of  St.  John's 
College,  Cambridge.  New  Edition,  revised  and  enlarged,  with 
Map.     5x. 

Tibullus.— SELECT    POEMS.         Edited   by    Professor    J.   P. 

POSTGATX,  M.A.  \_In  preparation. 

Virgil. — ^NEID.      BOOKS  II.  and  III.     THE  NARRATIVE 

OF  ^NEAS.    Edited  by  E.  W.  Howson,  M.A.,  Fellow  oi  King's 

College,  Cambridge,  and  Assistant-Master  at  HaiTow.     3^. 
Xenophon. — HELLENICA,    BOOKS   I.  and  IL     Edited  by 

H.  Hailstone,   B. A.,  late   Scholar  of  Peterhouse,    Cambridge. 

With  Map.     4r.  6rf. 
CYROP^DIA.     BOOKS   VII.    and  VIII.   Edited  by  Alfred 

Goodwin,    M.A.,    Professor   of  Greek    in    University   College, 

London.     5*. 
MEMORABILIA  SOCRATIS.     Edited  by  A.  R.  Cluer,  B.A., 

Balliol  College,  Oxford.     6j. 
THE  ANABASIS.     BOOKS  L— IV.   Edited  by  Professors  W.  MT. 

Goodwin  and  J.  W.  White.     Adapted  to  Goodwin's   Greek 

Grammar.     With  a  Map.     5j. 
HIERO.     Introduction,  Summaries,  Critical  and  Explanatory  Notes 

and  Indices,   and  Critical  Appendix.      Edited  by  Rev.  H.  A. 

HoLDEN,    M.A.,  LL.D.     Third  Edition,  revised.     3^.  dd. 
OECONOMICUS.     By  the    same    Editor.     With   Introduction, 

Explanatory  Notes,  Critical  Appendix,  and  Lexicon,     dr. 
%*  Other  Volumes  will  follow. 
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(i)  Texts,  Edited  with  Introductions  and  Notes, 
for  the  use  of  Advanced  Students.  (2)  Commentaries 
and  Translations. 

iEschylus.— THE  EUMENIDES.  The  Greek  Text,  with 
Introduction,  English  Notes,  and  Verse  Translation.  By  Bkrnard 
Drake,  M.A.,  late  Fellow  of  King's  College,  Cambridge. 
8vo.  '  SJ. 

AGAMEMNON.  Edited,  with  Introduction  and  Notes,  by  A.  W. 
Verrall,  Litt.D.     8vo.  [In  preparation.. 

AGAMEMNON,  CHOEPHORCE,  AND  EUMENIDES. 
Edited,  with  Intx-oduction  and  Notes,  by  A.  O.  Prickard,  M.A., 
Fellow  and  Tutor  of  New  College,  Oxford.     8yo. 

\Ih  preparation. 
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iEschylus.— THE  "  SEVEN  AGAINST  THEBES."  Edited, 
with  Introduction,  Commentary,  and  Translation,  by  A.  W. 
Verrall,  Litt.D.,  Fellow  of  Trinity  College,  Cambridge.     8vo. 

THE  SUPPLTCES.  A  Revised  Text,  with  Introduction,  Critical 
Notes,  Commentary  and  Translation.  By  T.  G.  Tucker,  M.A., 
Fellow  of  St,  John's  College,  Cambridge,  and  Professor  of  Classical 
Philology  in  the  University  of  Melbourne.     8vo.         [/«  fhe  press. 

Antoninus,    Marcus   Aurelius. — book  IV.  OF  THE 

MEDITATIONS.  The  Text  Revised,  with  Translation  and 
Notes,  by  Hastings  Crossley,  M.A.,  Professor  of  Greek  in 
Queen's  College,  Belfast.     8vo.     6s. 

Aristotle. — THE  METAPHYSICS.     BOOK  I.     Translated  by 

a  Cambridge  Graduate.     8vo.     <,s.  \Book  II.  in  preparation. 

THE  POLITICS.     Edited,  after  Susemihl,   by   R.  D.  Hicks, 

M.A.,  Fellow  of  Trinity  College,  Cambridge.     8vo. 

[In  the  press. 
THE  POLITICS.      Translated,  with  Analysis  and  Critical  Notes, 

by  Rev.  J.  E.  C.  Welldon,   M.A,,   Fellow  of    King's  College, 

Cambridge,  and  Head-Master  of  Harrow  School.    Second  Editionj 

revised.     Crown  8vo.     IQS.  6d. 
THE    RHETORIC.      Translated,  with  an  Analysis  and   Critical 

Notes,  by  the  same.     Crown  8vo.     7j.  6d. 
THE  ETHICS.     Translated,  with  an  Analysis  and  Critical  Notes, 

by  the  same.     Crown  8vo.  [In  preparation. 

AN    INTRODUCTION    TO     ARISTOTLE'S     RHETORIC 

With  Analysis,  Notes,  and  Appendices.     By  E.  M.  Cope,  Fellow 

and  Tutor  of  Trinity  College,  Cambridge.     8vo.     14J. 
THE  SOPHISTICI  ELENCHI.      With  Translation  and   Notes 

by  E.  PosTE,  M.A.,  Fellow  of  Oriel  College,  Oxford.  8vo.  8j.  6d. 

Aristophanes. — the  birds.  Translated  into  English  Verse, 
with  Introduction,  Notes,  and  Appendices,  by  B.  H.  Kennedy, 
D.D.,  Regius  Professor  of  Greek  in  the  University  of  Cambridge. 
Crown  8vo.  6s.  Help  Notes  to  the  same,  for  the  use  of 
Students,  is.  6d. 

Attic  Orators.— FROM  ANTIPHON  TO  ISAEOS.  By 
R.  C.  Jerb,  Litt.D.,  LL.D.,  Professor  of  Greek  in  the  University 
of  Glasgow.     2  vols.     8vo.     2$s. 

Babrius. — Edited,  with  Introductory  Dissertations,  Critical  Notes, 
Commentary  and  Lexicon.  By  Rev.  W.  GuNiON  Rutherford, 
M.  A.,  LL.D., Head-Master  of  Westminster.    8vo.    12s.  6d. 

Cicero.— THE  ACADEMICA.     The  Text  revised  and  explained 
by  J.   S.   Reid,  M.L.,  Litt.D.,  Fellow  of  Caius  College,  Cam- 
bridge.    8vo.     1 5  J. 
THE  ACADEMICS. 
8vo.     5^.  6d. 
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Cicero.— SELECT  letters.      After  the  Edition  of  Albert 
Watson,  M.A.     Translated  by  G.  E.  Jeans,  M.A.,  Fellow  of 
Hertford  College,  Oxford,  and  late  Assistant-Master  at  Haileybury. 
Second  Edition.     Revised.     Crown  8vo.     los.  6d. 
(See  also  Classical  Series.) 
Euripides. — MEDEA.     Edited,  with  Introduction  and  Notes,  by 
A.  W.  Verrall,  Litt.D.,  Fellow  and  Lecturer  of  Trinity  Col- 
lege. Cambridge.     8vo.     7x.  6d. 
IPHIGENIA  IN  AULIS.     Edited,  with  Introduction  and  Notes, 
by  E.    B.    England,   M.A.,    Lecturer  in  the  Owens  College, 
Manchester.     8vo.  [In  preparation. 

INTRODUCTION  TO  THE  STUDY  OF  EURIPIDES.  By 
Professor  J.  P.  Mahaffy.  Fcap.  8vo.  u.  6df.  {.Classical  Writers 
Series.) 

(See  also  Classical  Series.) 

Herodotus.— BOOKS  I.— IIL    the  ancient  empires 

OF  THE  EAST.  Edited,  with  Notes,  Introductions,  and  Ap- 
pendices, by  A.  H.  Sayce,  Deputy-Professor  of  Comparative 
Philology,  Oxford;  Honorary  LL.D.,  Dublin.    Demy  8vo.     16s. 

BOOKS  IV.— IX.  Edited  by  Reginald  W.  Macan,  M.A., 
Lecturer  in  Ancient  History  at  Brasenose  College,  Oxford.     8vo. 

[In  preparation. 

Homer. — the  ILIAD.     Edited,  with  Introduction  and  Encrlish 

Notes,  by  Walter  Leaf,  Litt.D.,  late  Fellow  of  Trinity  College, 

Cambridge.    8vo.    In  Two  Volumes.    Vol.  I.  Books  I. — XII.  i^. 

Vol.  IL  Books  XIII.— XIV.     14J. 

THE  ILIAD.  Translated  into  English  Prose.  By  Andrew 
Lang,  M.A.,  Walter  Leaf,  Litt.D.,  and  Ernest  Myers, 
M.A.    Crown  8vo.     \2.s.(>d. 

THE  ODYSSEY.  Done  into  English  by  S.  H.  Butcher,  M.A., 
Professor  of  Greek  in  the  University  of  Edinburgh,  and  Andrew 
Lang,  M.A.,  late  Fellow  of  Merton  College,  Oxford.  Seventh 
and  Cheaper  Edition,  revised  and  corrected.    Crown  8vo.     4?.  6d. 

INTRODUCTION  TO  THE  STUDY  OF  HOMER.  By  the 
Right  Hon.  W.  E.  Gladstone,  M.P.  i8mo.  \s.  {Literature 
Primers.) 

HOMERIC  DICTIONARY.  For  Use  in  Schools  and 
Colleges.  Translated  from  the  German  of  Dr.  G.  Autenrieth, 
with  Additions  and  Corrections,  by  R.  P.  Keep,  Ph.  D.  With 
numerous  Illustrations.     Crown  8vo.     6j. 

(See  also  Classical  Series.) 

Horace.— THE  works  of  horace  rendered  into 

ENGLISH  PROSE.  With  Introductions,  Running  Analysis, 
Notes,  &c.  By  J.  Lonsdale,  M.A.,  and  S.  Lee,  M.A.  {Globe 
Edition.)  ^s.  6d. 
STUDIES,  LITERARY  AND  HISTORICAL,  IN  THE 
ODES  OF  HORACE.  By  A.  W.  Verrall,  Fellow  ©f  Trinity 
College,  Cambridge.  Demy  8vo.  8j.  6d. 
(See  also  Classical  Series.) 
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Juvenal.— THIRTEEN  SATIRES  OF  JUVENAL.  With  a 
Commentary.  By  John  E.  B.  Mayor,  M.A.,  Professor  of  Latin 
in  the  University  of  Cambridge.     Crown  8vo. 

%*  Vol.  I.  Fourth  Edition,  Revised  and  Enlarged,  los.  6d. 
Vol.  II.     Second  Edition.     loj.  6d. 

*^*  The  new  matter  consists  of  an  Introduction  (pp.  i — 53),  Addi- 
tional Notes  (pp.  333 — 466)  and  Index  (pp.  467 — 526).  It  is  also 
issued  separately,  as  a  Supplement  to  the  previous  edition,  at  $s. 

THIRTEEN  SATIRES.  Translated  into  English  after  the  Text 
of  J.  E.  B.  Mayor  by  Alexander  Leeper,  M.A.,  Warden 
of  Trinity  College,  in  the  University  of  Melbourne.  Crown  8vo. 
3J.  6d. 

(See  also  Classical  Strips.) 

Ktesias.— THE    FRAGMENTS     OF    THE    PERSIKA    OF 

KTESIAS.       Edited   with    Introduction    and    Notes  by  John 

GiLMORE,  M.A.     8vo.  \_ImmediaUly. 

Livy. — BOOKS  I.— IV.     Translated  by  Rev.  H.  M.  Stephenson, 

M.A,,  late  Head-Master  of  St.  Peter's  School,  York. 

[/«  preparation, 
BOOKS  XXL— XXV.  Translated  by  Alfred  John  Church, 
M.A.,  of  Lincoln  College,  Oxford,  Professor  of  Latin,  University 
College,  London,  and  William  Jackson  Brodribb,  M. A.,  late 
Fellow  of  St.  John's  College,  Cambridge.  Cr.  8vo.  7^.  6d. 
INTRODUCTION  TO  THE  STUDY  OF  LIVY.  By  Rev. 
W.  W.  Capes,  Reader  in  Ancient  History  at  Oxford.  Fcap.  8vo. 
\s.  6d.     (Classical  Writers  Series.) 

(See  also  Classical  Series.) 

Martial.—BOOKS  I.  and  IL  of  the  epigrams.  Edited, 
with  Introduction  and  Notes,  by  Professor  J.  E.  B.  Mayor,  M.A. 
8vo.  [In  the  press, 

(See  also  Classical  Series.) 

Pausanias. — description  of  Greece.  Translated  by 
J.  G.  Frazer,  M.A.,  Fellow  of  Trinity  College,  Cambridge. 

[In  preparation. 

Phrynichus.— THE  NEW  PHRYNICHUS ;  being  a  Revised 
Text  of  the  Ecloga  of  the  Grammarian  Phrynichus.  With  Intro- 
duction and  Commentary  by  Rev.  W.  GUNION  Rutherford, 
M.A..  LL.D.,  Head-Master  of  Westminster.     8vo.     i8j. 

Pindar. — THE  EXTANT  ODES  OF  PINDAR.  Translated 
into  English,  with  an  Introduction  and  short  Notes,  by  Ernest 
Myers,  M.A.,  late  Fellow  of  Wadham  College,  Oxford.  Second 
Edition.  Crown  8vo.  5j. 
THE  OLYMPIAN  AND  PYTHIAN  ODES.  Edited,  with  an 
Introductory  Essay,  Notes,  and  Indexes,  by  Basil  Gildersleeve, 
Professor  of  Greek  in  the  Johns  Hopkins  University,  Baltimore. 
Crown  8vo.     ^s.  6d. 

Plato. — PHyEDO.  Edited,  with  Introduction,  Notes,  and  Appen- 
dices, by  R.  D.  Archer-Hind,  M.A.,  Fellow  of  Trinity  College. 
Cambridge.     8vo.     8j.  6d. 
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Plato. — TIMAEUS.— Edited,    with    Introduction,    Notes,    and  a 

Translation,  by  the  same  Editor.  _8vo.     i6s. 
TUJEDO.    Edited,  with  Introduction  and  Notes,  by  W.  D.  Geddes, 

LL.D.,  Principal  of  the  University  of  Aberdeen.     Second  Edition. 

Demy  8vo.     8j.  6d. 
PHILEBUS.      Edited,  with  Introduction  and  Notes,  by   Henry 

Jackson,  M.A.,  Fellow  of  Trinity  College,  Cambridge.     8vo. 

[/«  preparation. 
THE    REPUBLIC— Edited,    with    Introduction   and    Notes,   by 

H.    C.    GOODHART,    M.A.,   Fellow    of    Trinity    College,   Cam- 
bridge.    8vo.  [/« preparation. 
THE  REPUBLIC  OF  PLATO.     Translated  into  English,  with  an 

Analysis  and  Notes,  by  J.  Ll.  Davies,  M.A.,  and  D.  J.  Vaughan, 

M.A.     iSmo.     4J.  6df. 
EUTHYPHRO,  APOLOGY,  CRITO,   AND  PH^DO.     Trans- 

lated  by  F.  J.  Church.     i8mo.     4J.  dd. 
PH^DRUS,    LYSIS,    AND    PROTAGORAS.       A    New    and 

Literal    Translation,  mainly    from  the  text    of  Bekker.      By  J. 

Wright,  M.  A.,  Trinity  College,  Cambridge.     i8mo.     e^s.  dd. 
(See  also  Classical  Series.) 

PlautUS. — THE  MOSTELLARIA  OF  PLAUTUS.  With  Notes, 
Prolegomena,  and  Excursus.  By  William  Ramsay,  M.A., 
formerly  Professor  of  Humanity  in  the  University  of  Glasgow. 
Edited  by  Professor  George  G.  Ramsay,  M.A.,  of  the  University 
of  Glasgow.     8vo.     14J. 

(See  also  Classical  Series.) 

Pliny.— LETTERS  TO  TRAJAN.  Edited,  with  Introductory 
Essays  and  Notes,  by  E.  G.  Hardy,  M.A.,  late  Fellow  of  Jesus 
College,  Oxford.     8vo.  [In  the  press. 

Polybius. — THE  HISTORIES.  Translated,  with  Introduction 
and  Notes,  by  E.  S.  Shuckburgh,  M.A.     2  vols.     Crown  8vo. 

[In  the  press. 
Sallust. — CATILINE     AND     JUGURTHA.      Translated,   with 
Introductory  Essays,  by  A.  W.  Pollard,  B.A.     Crown  8vo.     6s. 
THE  CATILINE  (separately).     Crown  8vo.     35. 
{^tt  sXso  Classical  Series.) 

Sophocles. — CEDIPUS  THE  KING.  Translated  from  the 
Greek  of  Sophocles  into  English  Verse  by  E.  D.  A.  Morshead, 
M.A.,  late  Fellow  of  New  College,  Oxford;  Assistant  Master  at 
Winchester  College.     Fcap.  8vo.     3J.  6d. 

Studia  Scenica. — Part  I.,  Section  I.  Introductory  Study  on 
the  Text  of  the  Greek  Dramas.  Tlie  Text  of  SOPHOCLES' 
TRACHINIAE,  1-300.  By  David  S.  Margoliouth,  Fellow 
of  New  College,  Oxford.     Demy  8vo.     2s.  6d. 

Tacitus. — THE  ANNALS.  Edited,  with  Introductions  and 
Notes,  by  G.  O.  Holbrooke,  M.A.,  Professor  of  Latin  in  Trinity 
College,  Hartford,  U.S.A.     With  Maps.     8vo.     ids. 
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Tacitus.— THE  ANNALS.  Translated  by  A.  J.  Church,  M.A., 
and  W.  J.  Brodribb,  M.A.  With  Notes  and  Maps.  New 
Edition.     Crown  8vo.     'js.  6d. 

THE  HISTORIES.  Edited,  with  Introduction  and  Notes,  by 
Rev.  W.  A.  Spoon ER,  M.A.,  Fellow  of  New  College,  and 
H.  M.  Spooner,  M.A.,  formerly  Fellow  of  Magdalen  College, 
Oxford.     8vo.  {In  preparation. 

THE  HISTORY.  Translated  by  A.  J.  Church,  M.A,,  and 
W.  J.  Brodribb,  M.A.  With  Notes  and  a  Map.  Crown  8vo. 
6s. 

THE  AGRICOLA  AND  GERM  ANY,  WITH  THE  DIALOGUE 
ON  ORATORY.  Translated  by  A.  J.  Church,  M.A.,  and 
W.  J.  Brodribb,  M.A.  With  Notes  and  Maps.  New  and 
Revised  Edition.     Crown  Svo.     4J.  6d. 

INTRODUCTION  TO  THE  STUDY  OF  TACITUS.  By 
A.  J.  Church,  M.A.  and  W.  J.  Brodribb,  M.A.  Fcap.  Svo. 
is.  6d.     {Classical  Writers  Series.) 

Theocritus,  Bion,  and  MoSChuS.  Rendered  into  English 
Prose,  with  Introductory  Essay,  by  A.  Lang,  M.A.    Crown  Svo.  6s. 

Virgil.  — THE  WORKS  OF  VIRGIL  RENDERED  INTO 
ENGLISH  PROSE,  with  Notes,  Introductions,  Running  Analysis, 
and  an  Index,  by  Jamcs  Lonsdale,  M.A.,  and  Samuel  Lee, 
M.A.  New  Edition.  Globe  Svo.  3J.  6d. 
THE  ^NEID.  Translated  by  J.  W.  Mackail,  M.A.,  Fellow  of 
Balliol  College,  Oxford.     Crown  Svo.     ^s.  6d. 

Xenophon.— COMPLETE  works.  Translated,  with  Introduc- 
tion and  Essays,  by  H.  G.  Dakyns,  M.A.,  Assistant-Master  in 
Clifton  College.     Four  Volumes.     Crown  Svo.  [In  the  press. 
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Belcher.— SHORT   EXERCISES   IN   LATIN  PROSE  COM- 
POSITION  AND    EXAMINATION    PAPERS  IN  LATIN 
GRAMMAR,    to  which   is   prefixed   a   Chapter   on   Analysis  of 
Sentences.     By  the  Rev.  H.  Belcher,  M.A.,  Rector  of  the  High 
School,  Dunedin,  N.Z.     New  Edition.     iSmo.     is.  6d. 
KEY  TO  THE  ABOVE  (for  Teachers  only).     3J.  6d 
SHORT   EXERCISES  IN  LATIN   PROSE   COMPOSITION. 
Part  IL,  On  the  Syntax  of  Sentences,  with  an  Appendix,  includ- 
ing EXERCISES  IN  LATIN  IDIOMS,  &c.     iSmo.     2s. 
KEY  TO  THE  ABOVE  (for  Teachers  only).     3^. 

Blackie. — greek  and  English  dialogues  for  use 

IN  schools  and  colleges.  By  John  Stuart  Blackie, 
Emeritus  Professor  of  Greek  in  the  University  of  Edinburgh. 
New  Edition.     Fcap.  Svo.     2s.  6d. 
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Bryans.— LATIN     PROSE     EXERCISES     BASED     UPON 

CAESAR'S  GALLIC  WAR.     With  a  Classification  of  Csesar's 

Chief  Phrases  and   Grammatical  Notes  on  Caesar's  Usages.     By 

Clement  Bryans,  M.A.,  Assistant-Master  in  Dulwich  College. 

Second  Edition,  Revised  and  Enlarged.     Extra  fcap.  8vo.     2s.  6d. 

KEY  TO  THE  ABOVE  (for  Teachers  only).  New  Edition.  4?.  ed. 

GREEK  PROSE  EXERCISES  based  upon  Thucydides.     By  the 

same  Author.     Extra  fcap.  8vo.  [In  preparation. 

Cookson. — A  LATIN  SYNTAX.     By  Christopher  Cookson, 

M.A.,  Assistant- Master  at  S.  Paul's  School.  8vo.  [In  preparation. 

Eicke.— FIRST  LESSONS  IN  LATIN.    By  K.  M.  Eicke,  B.A., 

Assistant-Master  in  Oundle  School.     Globe  Svo.     is. 
England. — EXERCISES  ON  LATIN  SYNTAX  AND  IDIOM. 
ARRANGED  WITH  REFERENCE  TO  ROBY'S  SCHOOL 
LATIN  GRAMMAR.     By  E.  B.   England,  M.A.,  Assistant 
Lecturer  at  the  Owens  College,  Manchester.     Crown  Svo.     2s.  6d. 
Key  for  Teachers  only,  2s.  6d. 
Goodwin. — Works  by  W.  W.  Goodwin,  LL.D.,  Professor  of 
Greek  in  Harvard  University,  U.S.A. 
SYNTAX  OF  THE  MOODS  AND  TENSES  OF  THE  GREEK 

VERB.     New  Edition,  revised.     Crown  Svo.     6s.  6d. 
A  GREEK  GRAMMAR.     New  Edition,  revised.     Crown  Svo.    6s. 
"It    is  the  best   Greek    Grammar  of   its    size    in    the    English    language." — 

ATHENiCUM. 

A  GREEK  GRAMMAR  FOR  SCHOOLS.     Crown  Svo.  3^.  6d. 

Greenwood.— THE  elements  of  greek  grammar, 

including  Accidence,  Irregular  Verbs,  and  Principles  of  Deriva- 
tion and  Composition ;  adapted  to  the  System  of  Crude  Forms. 
By  J.  G.  Greenwood,  Principal  of  Owens  College,  Manchester. 
New  Edition.     Crown  Svo.     5j.  6d. 

Hadley  and  Allen. — a  GREEK  grammar  for 
SCHOOLS  AND  COLLEGES.  By  James  Hadley,  late 
Professor  in  Yale  College.  Revised  and  in  part  Rewritten  by 
Frederic  de  Forest  Allen,  Professor  in  Harvard  College. 
Crown  Svo.     6s. 

Hodgson.— MYTHOLOGY  FOR  LATIN  VERSIFICATION. 
A  brief  Sketch  of  the  Fables  of  the  Ancients,  prepared  to  be 
rendered  into  Latin  Verse  for  Schools.  By  F.  Hodgson,  B.D., 
late  Provost  of  Eton.  New  Edition,  revised  by  F.  C.  Hodgson, 
M.A.     iSmo.    3J. 

Jackson.— FIRST   STEPS   TO   GREEK  PROSE  COMPOSI- 
TION.     By  Blomfield  Jackson,  M.A.,   Assistant-Master  in 
King's    College    School,    London.      New   Edition,   revised  and 
enlarged.     iSmo.     is.  6d. 
KEY  TO  FIRST  STEPS  (for  Teachers  only).     iSmo.     y.  6d. 
SECOND  STEPS  TO  GREEK  PROSE  COMPOSITION,  with 
Miscellaneous  Idioms,   Aids  to   Accentuation,    and   Examination 
Papers  in  Greek  Scholarship.     iSmo.     2s.  6d. 
KEY  TO  SECOND  STEPS  (for  Teachers  only).     i8mo.     y,  6d, 
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Kynaston.— EXERCISES    in    the    composition    of 

GREEK  IAMBIC  VERSE  by  Translations  from  English  Dra- 
matists. By  Rev.  H.  Kynaston,  D.D.,  Principal  of  Cheltenham 
College.  With  Introduction,  Vocabulary,  &c.  New  Edition, 
revised  and  enlarged.     Extra  fcap.  8vo.     5^. 

KEY  TO  THE  SAME  (for  Teachers  only).    Extra  fcap.  8vo.  4s.  6d. 

Lupton. — Works  by  J.  H.  LuPTON,  M.  A.,  Sur-Master  of  St.  Paul's 

School,   and  formerly  Fellow  of  St.  John's  College,  Cambridge. 

AN    INTRODUCTION     TO    LATIN    ELEGIAC    VERSE 

COMPOSITION.     Globe  Svo.     2s.  6d. 

LATIN    RENDERING  OF  THE  EXERCISES  IN  PART  IL 
(XXV. -C).     Globe  Svo.     3s.  6d. 

AN  INTRODUCTION  TO  LATIN  LYRIC  VERSE  COMPO- 
SITION.    Globe  Svo.     3s. 

KEY  FOR  THE  USE  OF  TEACHERS  ONLY.  Globe  Svo. 
4^'.  6d. 
Mackie.— PARALLEL  PASSAGES  FOR  TRANSLATION 
INTO  GREEK  AND  ENGLISH.  Carefully  graduated  for  the 
use  of  Colleges  and  Schools.  With  Indexes.  By  Rev.  Ellis  C. 
Mackie,  Classical  Master  at  Heversham  Grammar  School.  Globe 
Svo.  4^.  6ci. 
Macmillan.— FIRST  LATIN  GRAMMAR.  By  M.  C.  Mac- 
MILLAN,  M.A.,  late  Scholar  of  Christ's  College,  Cambridge; 
sometime  Assistant-Master  in  St.  Paul's  School.  New  Edition, 
enlarged.     Fcap.  Svo.     is.  6d. 

Macmillan's  Greek  Course.— Edited  by  Rev.  W.  Gunion 
Rutherford,  M.A,,  LL.D.,  Head  Master  of  Westminster. 
I.— FIRST  GREEK  GRAMMAR.    By  the  Editor.    New  Edition, 

thoroughly  revised.     Globe  Svo.     2s. 
IL— EASY  LESSONS  IN  GREEK  ACCIDENCE.     By  H.  G. 
Underhill,    M.A.,    Assistant-Master    St.    Paul's    Preparatory 
School.     Globe  Svo.     2s. 
IIL— SECOND  GREEK  EXERCISE  BOOK.       'I 
IV.— MANUAL  OF  GREEK  ACCIDENCE.        L  .  .^^^^^.,-^^ 
v.— MANUAL  OF  GREEK  SYNTAX.  A  in  preparation, 

VI.— ELEMENTARY  GREEK  COMPOSITION.] 
Macmillan's  Greek  Reader — STORIES  AND  LEGENDS. 

A  First  Greek  Reader,  with  Notes,  Vocabulary,  and  Exercises. 
By  F.  H.  Colson,  M.  A.,  late  Fellow  of  St.  John's  College,  Cam- 
bridge, and  Senior  Classical  Master  of  Bradford  Grammar  School. 
Globe  Svo.     3J. 

Macmillan's  Latin  Course.     FIRST  YEAR.    By  A.  M. 

Cook,  M.  A.,  Assistant-Master  at  St.  Paul's  School  New  Edition, 
revised  and  enlarged.     Globe  Svo.     3s.  6d. 

*^*  The  Second  Part  is  in  preparation, 

Macmillan's  Latin  Reader.— a  latin  reader  for 

THE  lower  forms  IN  SCHOOLS.  By  H.  J.  Hardy, 
11.  a.,  Assistant  Master  in  Winchester  College.  Globe  Svo.  zs.  6d. 
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Macmillan's  Shorter  Latin  Course.     By  A.  M.  Cook, 

M.A.,  Assistant-Master  at  St. Paul's  School.  Being  an  abridgment 
of  ••  Macmillan's  Latin  Course,"  First  Year.     Globe  8vo.     is.  6d. 

Marshall.— A  table  of  irregular  greek  verbs. 

classified  according  to  the  arrangement  of  Curtius's  Greek  Grammar, 
By  J.  M.  Marshall,  M.A.,  Head  Master  of  the  Grammar 
School,  Durham.  New  Edition.  8vo.  is. 
Mayor  (John  E.  B.)— first  GREEK  READER.  Edited 
after  Karl  PIalm,  with  Corrections  and  large  Additions  by  Pro- 
fessor John  E.  B.  Mayor,  M.A.,  Fellow  of  St.  John's  College, 
Cambridge.     New  Edition,  revised.     Fcap.  8vo.     4s.  dd. 

Mayor  (Joseph  B.) — greek  FOR  beginners.    By  the 

Rev.  J.  B.  Mayor,  M.A.,  Professor  of  Classical  Literjiture  in 
King's  College,  London.  Part  L,  with  Vocabulary,  \s.  6d. 
Parts  II.  and  III.,  with  Vocabulary  and  Index,  31.  6d,  Complete 
in  one  Vol.  fcap.  Svo.     4r.  6d. 

Nixon.— PARALLEL  EXTRACTS,  Arranged  for  Translation  into 
English  and  Latin,  with  Notes  on  Idioms.  By  J.  E,  Nixon, 
M.A.,  Fellow  and  Classical  Lecturer,  King's  College,  Cambridge. 
Part  I. — Historical  and  Epistolary.  New  Edition,  revised  and 
enlarged.  Ci"own  Svo.  3^.  6d. 
PROSE  EXTRACTS,  Arranged  for  Translation  into  English  and 
Latin,  with  General  and  Special  Prefaces  on  Style  and  Idiom. 
I.  Oratorical.  II.  Historical.  III.  Philo- ophical  and  Miscella- 
neous.     By  the  same  Author.     Crown  Svo.     3^'.  6d. 

*J^  Translations  of  Select  Passages  supplied  by  Author  only, 

Peile. — A  PRIMER  OF  PHILOLOGY.  By  J.  Peile,  LittD., 
Master  of  Christ's  College,  Cambridge.     iSmo.     is. 

Posf gate.— PASSAGES  FOR  TRANSLATION  INTO  LATIN 
PROSE.  With  Introduction  and  Notes,  by  J.  P.  Postgate, 
M.A.     Crown  Svo.  {In  the  press. 

Postgate    and    Vince. — a    DICTIONARY   OF  latin 

ETYMOLOGY.     By  J.  P.  Postgate,  M.A.,  and  C.  A.  Vince, 

M.A.  [/« preparation. 

Potts  (A.   W.) — Works  by    Alexander    W.    Potts,    M.A., 

LL.D.,  late   Fellow  of  St.  John's  College,    Cambridge;    Head 

Master  of  the  Fettes  College,  Edinburgh. 
HINTS  TOWARDS  LATIN  PROSE  COMPOSITION.     New 

Edition.     Extra  fcap.  Svo.     3J. 
PASSAGES    FOR  TRANSLATION  INTO    LATIN  PROSE. 

Edited  with  Notes  and  References  to  the  above.     New  Edition. 

Extra  fcap.  Svo.     2J.  6d. 
LATIN  VERSIONS   OF  PASSAGES  FOR  TRANSLATION 

INTO  LATIN  PROSE  (for  Teachers  only).     2s.  6d. 

Preston.— EXERCISES  IN  LATIN  VERSE  COMPOSITION. 
By  Rev.  G.  Preston,  M.A.,  Head  Master  of  the  King's  School, 
Chester.     (With  Key.)    Globe  Svo.  [In preparation 
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Reid.— A  GRAMMAR  OF  TACITUS.  By  J.  S.  Reid,  M.L., 
Fellow  of  Caius  College,  Cambridge.  [In  preparation. 

A    GRAMMAR    OF    VERGIL.     By  the  same  Author. 

[In  preparation. 
*»*  Similar  Grammars  to  other  Classical  Authors  will  probably  folloiv. 

Roby.— A  GRAMMAR  OF  THE  LATIN  LANGUAGE,  from 
Plautus  to  Suetonius.  By  H.  J.  RoBY,  M.A.,  late  Fellow  of  St. 
Tohn's  College,  Cambridge.  In  Two  Tarts.  Part  I.  Fifth 
Edition,  containing: — Book  I.  Sounds.  Book  II.  Inflexions. 
Book  III.  Word-formation.  Appendices.  Crown  8vo.  Qj. 
Part  II.  Syntax,  Prepositions,  &c.  Crown  8vo.  \os,  dJ. 
*'  Marked  by  the  clear  and  practised  insight  of  a  master  in  bis  art.     A  book  that 

Would  do  honour  to  any  country." — AxHEN^iiUM. 

SCHOOL  LATIN  GRAMMAR.  By  the  same  Author.  Crown 
8vo.     5j. 

Rush.— SYNTHETIC  LATIN  DELECTUS.  A  First  Latin 
Coijstruing  Book  arranged  on  the  Principles  of  Grammatical 
Analysis.  With  Notes  and  Vocabulary.  By  E.  Rush,  B.A. 
With  Preface  by  the  Rev.  W.  F.  Moulton,  M.  A.,  D.D.  New 
and  Enlarged  Edition.     Extra  fcap.  8vo.     7.s.  (>d. 

Rust. — FIRST  STEPS  TO  LATIN  PROSE  COMPOSITION. 
By  the  Rev.  G.  Rust,  M.A.,  of  Pembroke  College,  Oxford, 
Master  of  the  Lower  School,  King's  College,  London.  New 
Edition.     i8mo.     is.  6d. 

KEY  TO  THE  ABOVE.  By  W.  M.  Yates,  Assistant-Master  in 
the  High  School,  Sale.     i8mo.     35.  6d. 

Rutherford. — Works  by  the  Rev.  W.  Gunion  Rutherford, 
M.A.,  LL.D.,  Head-Master  of  -Westminster. 

REX  LEX.  A  Short  Digest  of  the  principal  Relations  between 
Latin,  Greek,  and  Anglo-Saxon  Sounds.     8vo.       [In preparation. 

THE  NEW  PHRYNICHUS ;  being  a  Revised  Text  of  the 
Ecloga  of  the  Grammarian  Phrynichus.  With  Introduction  and 
Commentary.  8vo.  iSj.  (See  also  Macmillan's  Greek 
Course. ) 

Simpson.— LATIN  PROSE  AFTER  THE  BEST  AUTHORS. 
By  F.  P.  Simpson,  B.A.,  late  Scholar  of  Balliol  College,  Oxford. 
Part  I.     C^SARIAN  PROSE.     Extra  fcap.  8vo.     2s.  6d. 

KEY  TO  THE  ABOVE,  for  Teachers  only.     Extra  fcap.    8vo.    5^. 

Thring. — Works  by  the  Rev.  E.  Thring,  M.A.,  late  Head-Master 

of  Uppingham  School. 

A   LATIN   GRADUAL.  "   A   First   Latin  Construing  Book  for 

Beginners.      New   Edition,    enlarged,    with    Coloured   Sentence 

Maps.     Fcap.  Svo.     2s.  6d. 

A  MANUAL  OF  MOOD  CONSTRUCTIONS.  Fcap.  8vo.   is.ed. 
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Welch  and  Duffield.— latin  ACCIDENCE  AND  EXER- 
.  CISES  ARRANGED  FOR  BEGINNERS.  By  William 
Welch,  M.  A,,  and  C.  G.  Duffield,  M.A.,  Assistant  Masters  at 
Cranleigh  School.  i8mo.  is.  6d. 
This  book  is  intended  as  an  introduction  to  Macmillan's  Elementary 
Classics,  and  is  the  development  of  a  plan  which  has  been  in  use 
for  some  time  and  has  been  worked  satisfactorily. 

White. — FIRST  LESSONS  IN  GREEK.  Adapted  to  GOOD- 
WIN'S  GREEK  GRAMMAR,  and  designed  as  an  introduction 
to  the  ANABASIS  OF  XENOPHON.  By  John  Williams 
White,  Ph.D.,  Assistant-Professor  of  Greek  in  Harvard  Univer- 
sity.    Crown  8vo.     4$'.  6d. 

Wilkins    and    Strachan. —  analecta  :    passages 

FOR    TRANSLATION.       Selected   and  Arranged  by  A.    S. 

Wilkins,  M.A.,  Professor  of  Latin,  and  J.  Strachan,  M.A., 

Professor  of  Greek,  in  the  Owens  College,  Manchester.     $s. 
Wright. — Works  by  J.    Wright,    M.A.,   late  Head   Master  of 

Sutton  Cold  field  School. 
A  HELP  TO  LATIN  GRAMMAR ;  or.  The  Form  and  Use  of 

Words  in  Latin,  with  Progressive  Exercises.    Crown  8vo.    4J.  6d. 
THE  SEVEN  KINGS  OF  ROME.     An  Easy  Narrative,  abridged 

from  the  First  Book  of  Livy  by  the  omission  of  Difficult  Passages  ; 

being  a  First  Latin  Reading  Book,  with  Grammatical  Notes  and 

Vocabulary.     New  and  revised  Edition.     Fcap.  8vo.     y.  6d. 
FIRST  LATIN  STEPS ;   OR,   AN   INTRODUCTION  BY  A 

SERIES  OF  EXAMPLES  TO  THE  STUDY  OF  THE  LATIN 

LANG  a  AGE.     Crown  8vo.     3J. 
ATTIC    PRIMER.     Arranged  for  the  Use  of  Beginners.     Extra 

fcap.  8vo.     2s.  6d. 
A    COMPLETE     LATIN     COURSE,    comprising    Rules    with 

Examples,  Exercises,  both  Latin  and  English,  on  each  Rule,  and 

Vocabularies.     Crown  8vo.     2s.  6d. 


ANTIQUITIES,    ANCIENT    HISTORY,  AND 
PHILOSOPHY. 

Arnold. — Works  by  W.  T.  Arnold,  M.A. 

A  HANDBOOK  OF  LATIN  EPIGRAPHY.       [In preparation. 
THE  ROMAN  SYSTEM  OK  PROVINCIAL  ADMINISTRA- 
TION   TO  THE  ACCESSION   OF  CONSTANTINE   THE 
GREAT.     Crown  8vo.     6s. 

Arnold  (T.)— the  second  PUNIC  war.  Being  Chapters  on 
THE  HISTORY  OF  ROME.  By  the  late  Thomas  Arnold, 
D.D.,  formerly  Head  Master  of  Rugby  School,  and  Regius  Professor 
of  Modem  History  in  the  University  of  Oxford,  Edited,  with  Notes, 
by  W.  T.  Arnold,  M.A.     With  8  Maps.     Crown  8vo.     2>s.  6d. 

'Beesly.  —  stories  from  the  history  of  rome. 

By  Mrs.  Beesly.     Fcap.  8vo.     2s.  6d. 
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Burn.— ROMAN  LITERATURE  IN  RELATION  TO  ROMAN 
ART.  By  Rev.  Robert  Burn,  M.A.,  Fellow  of  Trinity  College, 
Cambridge.  With  numerous  Illustrations.  Extra  Crown  8 vo,  14J. 
Bury. — A  HISTORY  OF  THE  LATER  ROMAN  EMPIRE 
FROM  ARCADIUS  TO  IRENE,  A.D.  395—800.  By  John 
B.  Bury,  M  A.,  Fellow  of  Trinity  College,  Dublin.  2  vols. 
8vo.  [SAor^ly. 

Classical  Writers. — Edited  by  John  RichardGreen,  M.A., 
LL.D.     Fcap.  8vo.     is.  dd.  each. 
EURIPIDES.     By  Professor  Mahaffv. 
MILTON.     By  the  Rev.  Stopford  A.  Brooke,  M.A. 
LIVY.     By  the  Rev.  W.  W.  Capes,  M.A. 
VIRGIL.     By  Professor  Nettleship,  M.A. 
SOPHOCLES.     By  Professor  L.  Campbell,  M.A. 
DEMOSTHENES.     By  Professor  S.  H.  Butcher,  M.A. 
TACITUS.      By   Professor  A.   J.    Church,    M.A.,   and   W.   J. 
Brodribb,  M.A. 
Freeman. — Works  by  Edward  A.  Freeman,    D.C.L.,  LL.D., 
Hon.   Fellow    of    Trinity    College,  Oxford,    Regius   Professor   of 
Modem  History  in  the  University  of  Oxford. 
HISTORY   OF  ROME.     {Historical  Course  for  Schools.)     i8mo. 

[/«  preparation. 
A  SCHOOL  HISTORY  OF  ROME.     Crown  8vo. 

[/«  preparation. 

HISTORICAL   ESSAYS.     Second  Series.     [Greek  and   Roman 

History.]     8vo.     \os.  6d. 

FyfFe.— A    SCHOOL   HISTORY    OF    GREECE.      By   C.    A. 

Fyffe,  M.A.     Crown  8vo.  [In  preparation. 

Gardner.— SAMOS   AND   SAMIAN  COINS.     An  Essay.     By 

Percy  Gardner,  M.A.,  Litt.D.,  Professor  of  Archaeology  in 

the  University  of  Oxford.     With  Illustrations.     8vo.     ^s.  6d. 

Geddes.  —  the  problem  of  the  Homeric  poems. 

By  W.    D.   Geddes,   Principal  of  the  University  of  Aberdeen. 
8vo.    14?. 
Gladstone. — Works  by  the  Rt.  Hon.  W.  E.  Gladstone,  M.P. 
THE  TIME  AND  PLACE  OF  HOMER.     Crown  8vo.     6s.  6d. 
A  PRIMER  OF  HOMER.     i8mo.     is. 
GOW. — A     COMPANION     TO     SCHOOL     CLASSICS.      By 
James  Gow,  Litt.D.,  Master  of  the  High  School,  Nottingham; 
late  Fellow  of  Trinity  College,  Cambridge.     With  Illustrations. 
Crown  8vo.     6s. 

Harrison  and  Verrall. — CULTS  AND  MONUMENTS 
OF  ANCIENT  ATHENS.  By  Miss  J.  E.  Harrison  and  Mrs. 
A.  W.  Verrall.     Illustrated.     Crown  8vo.  [In  the  press. 

Jackson. — a  manual  of  GREEK  PHILOSOPHY.  By 
Henry  Jackson,  M.A.,  Litt.D.,  Fellow  and  Prselector  in  Ancient 
Philosophy,  Trinity  College,  Cambridge.  \In  preparation. 
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J  ebb. — Works  by  R.  C.  Jebb,  Litt.D.,  LL.D.,  Professor  of  Greek 
in  the  University  of  Glasgow. 

Jebb.— THE    ATTIC    ORATORS    FROM    ANTIPHON    TO 
ISAEOS.     2  vols.     8vo.     2SJ. 
A  PRIMER  OF  GREEK  LITERATURE.     i8mo.     I*. 
(See  also  Classical  Series.) 

Kiepert.— MANUAL  OF  ANCIENT  GEOGRAPHY,  Trans- 
lated  from  the  German  of  Dr.  Heinrich  Kiepert.   Crown  8vo.  5^. 

Mahaffy. — W«rks  by  J.  P.  Mahaffy,  M.A.,  D.D.,  Fellow  and 

Professor  of  Ancient  History  in  Trinity  College,  Dublin,  and  Hon. 

Fellow  of  Queen's  College,  Oxford. 
SOCIAL   LIFE    IN    GREECE;    from    Plomer    to    Menander. 

Filth  Edition,  revised  and  enlarged.     Crown  8vo.     9^. 
GREEK  LIFE  AND  THOUGHT  ;  from  the  Age  of  Alexander 

to  the  Roman  Conquest.     Crown  8vo.     12s.  6d. 
RAMBLES  AND  STUDIES  IN  GREECE.     With  Illustrations. 

Third  Edition,  Revised  and  Enlarged.     With  Map.     Crown  8vo. 

10 J.  6d. 
A  PRIMER  OF  GREEK- ANTIQUITIES.     With  Illustrations. 

i8mo.     IS. 
EURIPIDES.     i8mo.     is.  6d.     {Classical  Writers  Series.) 

Mayor  (J.  E.  B.)— BIBLIOGRAPHICAL  CLUE  TO  LATIN 
LITERATURE.  Edited  after  HObner,  with  large  Additions 
by  Professor  John  E.  B.  Mayor.     Crown  8vo.     los.  6d. 

Newton. — ESSAYS  IN  ART  AND  ARCHEOLOGY.  By  Sir 
Charles  Newton,  K.C.B.,  D.C.L.,  Professor  of  Archseology  in 
University  College,  London,  and  formerly  Keeper  of  Greek  and 
Roman  Antiquities  at  the  British  Museum.     8vo.     12s.  6d. 

Ramsay. — a  SCHOOL   HISTORY   OF  ROME.      By  G.  G 
Ramsay,   M.A.,   Professor   of    Humanity   in   the    University  of 
Glasgow.     With  Maps.     Crown  8vo.  [In  preparation. 

Sayce. — the  ancient  empires  of  the  east.     By 

A.    H.  Sayce,    Deputy-Professor    of    Comparative  Philosophy, 
Oxford,  Hon.  LL.D.  Dublin.     Crown  8vo.     6j. 

Stewart.— THE  TALE  OF  TROY.  Done  into  English  by 
Aubrey  Stewart,  M.A.,  late  Fellow  of  Trinity  College, 
Cambridge.     Globe  8vo.     3^.  6t/. 

Wilkins.— A  PRIMER   OF   ROMAN    ANTIQUITIES.      By 
Professor  Wilkins,  M.A.,  LL.D.     Illustrated.     i8mo.     is. 
A  PRIMER  OF  LATIN  LITERATURE,     liy  the  same  Author. 

{In  preparation 
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MATHEMATICS. 

(i)  Arithmetic  and  Mensuration,  (2)  Algebra, 
(3)  Euclid  and  Elementary  Geometry,  (4)  Trigo- 
nometry, (5)  Higher  Mathematics. 

ARITHMETIC  AND  MENSURATION. 

Aldis.— THE  GREAT  GIANT  ARITHMOS.  A  most  Elementary 
Ariihmetic  for  Childn  n.  By  Mary  Steadman  Aldis.  With 
Illustrations.     Globe  8vo.     2s.  6d. 

Army   Preliminary  Examination,    Specimens  of 

Papers    Set   at  the,    1882—87. — with  Answers  to  the 
Mathematical  Questions,     Subjects  :  Arithmetic,  Algebra,  Euclid, 
Geometrical   Drawing,    Geography,    French,    English    Dictation. 
Crown  8vo.     3^.  6d. 
This  selection  of  papers  at  recent  Preliminary  Examinations  for  the 

admission  to  the  Army  are  intended  for  the  use  of  Candidates  preparing 

for  these  Examinations. 

Bradshaw.— EASY  EXERCISES  IN  ARITHMETIC.  By 
Gerald  Bradshaw,  M.A.,  Assistant  Master  in  Clifton  College. 
Globe  8vo.  [In  the  press, 

Brook-Smith  (J.). — ARITHMETIC  IN  THEORY  AND 
PRACTICE.  By  J.  Brook-Smith,  M.A.,  LL.B.,  St.  John's 
College,  Cambridge ;  Barrister-at-Law ;  one  of  the  Masters  of 
Cheltenham  College.    New  Edition,  revised.    Crown  8vo.    4J.  6^. 

Candler. — help  TO  ARITHMETIC.  Designed  for  the  use  of 
Schools.  By  H.  Candler,  M.A.,  Mathematical  Master  of 
Uppingham  School.     Second  Edition.     Extra  fcap.  8vo.     is.  6d. 

Dalton. — RULES  and  examples  in  arithmetic.    By 

the  Rev.  T.  Dalton,  M.A.,  Assistant-Master  in  Eton  College. 
New  Edition,  with  Answers.     i8mo.     2J.  6d. 

Goyen.— HIGHER   arithmetic   and    elementary 

MENSURATION.  By  P.  Goyen,  M.  A.,  Inspector  of  Schools, 
Dunedin,  New  Zealand.  Crown  8vo.  5^. 
Hall  and  Knight. — arithmetical  EXERCISES  AND 
EXAMINATION  PAPERS.  With  an  Appendix  containing 
Questions  in  Logarithms  and  Mensuration.  By  H.  S.  Hall, 
M.A.,  formerly  Scholar  of  Christ's  College,  Cambridge,  Master 
of  the  Military  and  Engineering  Side,  Clifton  College  ;  and  S.  R. 
Knight,  B.A.,  formerly  Scholar  of  Trinity  College,  Cambridge, 
late  Assistant  Master  at  Marlborough  College,  Authors  of 
•'Elementary  Algebra,"  "Algebraical  Exercises  and  Examination 
Papers,"  and  "  Higher  Algebra,"  &c.     Globe  8vo.     2s.  6d. 

Lock. — Works  by  Rev.  J.  B.  Lock,  M.  A.,  Senior  Fellow,  Assistant 
Tutor,  and  Lecturer  in  Gonville  and  Caius  Colleges,  Cambridge, 
formerly  Assistant-Master  at  Eton. 
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ARITHMETIC  FOR  SCHOOLS.  With  Answers  and  1000 
additional  Examples  for  Exercise.  Third  Edition,  revised.  Stereo- 
typed. Globe  8vo.  4?.  6ti.  Or  in  Two  Parts  :— Part  I.  Up  to 
and  including  Practice,  with  Answers.  Globe  8vo.  2J.  Part  II. 
With  Answers  and  1000  additional  Examples  for  Exercise.  Globe 
8vo.     3J. 

*^*  The  complete  book  can  also  be  obtained  without  answers  at  the 
same  price,  though  in  different  binding.  But  the  edition  with  answers 
will  always  be  supplied  unless  the  other  is  specially  asked  for. 

A  KEY  TO  MR.  LOCK'S  "ARITHMETIC  FOR  SCHOOLS." 
By  the  Rev.  R.  G.  Watson,  M.A.,  formerly  Head  Master  of  the 
Dorset  County  School.     Crown  Svo.      10^.  6d. 

ARITHMETIC  FOR  BEGINNERS.  A  School  Class  Book  of 
Commercial  Arithmetic.     Globe  Svo.     2s.  6d. 

[A  Key  is  in  preparation. 

Pedley.— EXERCISES    in    arithmetic    for    the    Use    of 
Schools.      Containing  more  than  7,000  original  Examples.      By 
S.  Pedley,  late  of  Tamworth  Grammar  School.    Crown  Svo.    5^. 
Also  in  Two  Parts  2j.  (>d.  each. 

Smith. — Works  by  the  Rev.  Barnard  Smith,  M.A.,  late  Rector 
of  Glaston,  Rutland,  and  Fellow  and  Senior  Bursar  of  S.  Peter's 
CoUeiTe,  Cambridge. 

ARITHMETIC  AND  ALGEBRA,  in  their  Principles  and  Appli- 
cation ;  with  numerous  systematically  arranged  Examples  taken 
from  the  Cambridge  Examination  Papers,  with  especial  reference 
to  the  Ordinary  Examination  for  the  B.A.  Degree.  New  Edition, 
carefully  Revised.     Crown  Svo.     lOf.  dd. 

ARITHMETIC  FOR  SCHOOLS.  New  Edition.  Crown  Svo. 
AS.  6d. 

A  KEY  TO  THE  ARITHMETIC  FOR  SCHOOLS.  New 
Edition.     Crown  Svo.     Sj.  6d. 

EXERCISES  IN  ARITHMETIC.  Crown  Svo,  limp  cloth,  2s. 
With  Answers,  2s.  6d.     Answers  separately,  6d. 

SCHOOL  CLASS-BOOK  OF  ARITHMETIC.  iSmo,  cloth.  3^. 
Or  sold  separately,  in  Three  Parts,  is.  each. 

KEYS  TO  SCHOOL  CLASS-BOOK  OF  ARITHMETIC. 
Parts  L,  II.,  and  III.,  2s.  6d.  each. 

SHILLING  BOOK  OF  ARITHMETIC  FOR  NATIONAL 
AND  ELEMENTARY  SCHOOLS.  iSmo,  cloth.  Or  sepa- 
rately.  Part  I.  2d.  ;  Part  II.  3^.  ;  Part  III.  ^d.     Answers,  6d. 

THE  SAME,  with  Answers  complete.     iSmo,  cloth,     is.  6d. 

KEY  TO  SHILLING  BOOK  OF  ARITHMETIC.    iSmo.  ^r.  6d. 

EXAMINATION  PAPERS  IN  ARITHMETIC.  iSmo.  is.  6d. 
The  same,  with  Answers,  iSmo,  2s.     Answers,  6d. 

KEY  TO  EXAMINATION  PAPERS  IN  ARITHMETIC. 
iSmo.    4J.  6d. 

THE  METRIC  SYSTEM  OF  ARITHMETIC,  ITS  PRIN- 
CIPLES AND  APPLICATIONS,  with  numerous  Examples, 
written  expressly  for  Standard  V.  in  National  Schools.  New 
Edition.     iSmo,  cloth,  sewed.     3^^. 
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Smith.— A  CHART  OF  THE  METRIC  SYSTEM,  on  a  Sheet, 
size42in.8by   34  in.   on    Roller,  mounted    and   varnished.     New 
Edition.     Price  p.  6d. 
Also  a  Small  Chart  on  a  Card,  price  id. 

EASY   LESSONS   IN   ARITHMETIC,  combining  Exercises  in 
Reading,  Writing,  Spelling,  and  Dictation.     Part  I.  for  Standard 
I.  in  National  Schools.     Crown  8vo.     gd. 
EXAMINATION  CARDS  IN  ARITHMETIC.     (Dedicated  to 

Lord  Sandon.)     With  Answers  and  Hints. 
Standards  I.  and  11.  in  bo«,  is.     Standards  III.,  IV.,  and  V.,  in 
boxes,  i^.  each.     Standard  VI.  in  Two  Parts,  in  boxes,  is.  each. 
A  and  B  papers,  of  nearly  the  same  difficulty,  are  given  so  as  to 
prevent  copying,  and  the  colours  of  the  A  and  B  papers  differ  in  each 
Standard,  and  from  those  of  every  other  Standard,  so  that  a  master  or 
mistress  can  see  at  a  glance  whether  the  children  have  the  proper  papers. 
Todhunter. — MENSURATION    FOR    BEGINNERS.     By  L 
ToDHUNTER,  M.A.,  F.R.S.,  D.Sc,  late  of  St.  John's    ('oUegCi 
Cambridge.  With  Examples.    New  Edition.    i8mo.    2s.6d. 
KEY  TO  MENSURATION  FOR  BEGINNERS.     By  the  Rev. 
Fr.  Lawrence   McCarthy,  Professor  of  Mathematics  in   St. 
Peter's  College,  Agra.     Crown  8vo.     'js.  6d. 

ALGEBRA. 

Dalton.— RULES  AND  EXAMPLES  IN  ALGEBRA.     By  the 
Rev.    T.    Dalton,    M.A.,    Assistant-Master    of    Eton   College. 
Part  I.     New  Edition.     iSmo.     2s.     Part  II.     i8mo.     2s.  6d. 
•^*  A  Key  te  Pari  I.  far  Teeuhers  only,  *]s.  6d. 

Hall  and  Knight. — ELEMENTARY  ALGEBRA  FOR 
SCHOOLS.  By  H.  S.  Hall,  M.A.,  formerly  Scholar  of  Christ's 
College,  Cambridge,  Master  of  the  Military  and  Engineering  Side, 
Clifton  College;  and  S.  R.  Knight,  B.A.,  formerly  Scholar  of 
Trinity  College,  Cambridge,  late  Assistant- Master  at  Marlborough 
College.  Fourth  Edition,  Revised  and  Corrected.  Globe  8vo, 
bound  in  maroon  coloured  cloth,  3^,  6d. ;  with  Answers,  bound  in 
green  coloured  cloth,  4s.  6d. 
ALGEBRAICAL  EXERCISES  and  EXAMINATION  PAPERS. 
To  accompany  ELEMENTARY  ALGEBRA.  Second  Edition, 
revised.  Globe  8vo.  2s.  6d. 
HIGHER  ALGEBRA.  A  Sequel  to  "ELEMENTARY  AL- 
GEBRA FOR  SCHOOLS."  Second  Edition.  Crown  8vo.  Js.Cd. 

Jones  and  Cheyne. — algebraical  EXERCISES.    Pro- 

gressively  Arranged.  By  the  Rev.  C.  A.  JONES,  M.A.,  and  C. 
H.  Cheyne,  M.A.,  F.R.A.S.,  Mathematical  Masters  of  West- 
minster  School.  New  Edition.  i8mo,  2s.  6d. 
SOLUTIONS  AND  HINTS  FOR  THE  SOLUTION  OF  SOME 
OF  THE  EXAMPLES  IN  THE  ALGEBRAICAL  EXER- 
CISES OF  MESSRS.  JONES  AND  CHEYNE.  By  Rev.  W. 
Failes,  M.A.,  Mathematical  Master  at  Westminster  School,  late 
Scholar  of  Trinity  College,  Cambridge.     Crown  8vo.     Js.  6d. 
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Smith  (Barnard).— ARITHMETIC  AND  ALGEBRA,  in  their 
Principles  and  Application  ;  with  nunnerous  systematically  arranged 
Examples  taken  from  the  Cambridge  Examination  Papers,  with 
especial  reference  to  the  Ordinary  Examination  for  the  B.  A.  Degree. 
By  the  Rev.  Barnard  Smith,  M.A.,  late  Rector  of  Glaston,  Rut- 
land, and  Fellow  and  Senior  Bursar  of  St.  Peter's  College,  Cam- 
bridge.    New  Edition,  carefully  Revised.     Crown  8vo.     los.  6d. 
Smith  (Charles). — Works  by  Charles  Smith,  M.A.,  Fellow 
and  Tutor  of  Sidney  Sussex  College,  Cambridge. 
ELEMENTARY  ALGEBRA.     Globe  8vo.     4J.  6d. 
_  In  this  work  the  author  has  endeavoured  to  explain  the  principles  of  Algebra  in  as 
simple  a  manner  as  possible  for  the  benefit  of  beginners,  bestowing  great  care  upon 
the  explanations  and  proofs  of  the  fundamental  operations  and  rules. 

A  TREATISE  ON  ALGEBRA.     Crown  8vo.     ^s.  6d. 

[A  Key  is  in  the  press ^  nearly  ready. 

Todhunter. — Works  by  L  ToDHUNTER,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  John's  College,  Cambridge. 

"  Mr.  Todhunter  is  chiefly  known  to  Students  of  Mathematics  as  the  author  of  a 

series  ot  admirable  mathematical  text-books,  which  possess  the  rare  qualities  of  being 

clear  in  style  and  absolutely  free  from  mistakes,  typographical  or  other." — SxTURDAy 

Review. 

ALGEBRA    FOR    BEGINNERS.      With    numerous   Examples. 

New  Edition.     i8mo.     2.s.  6d. 
KEY  TO  ALGEBRA  FOR  BEGINNERS.    Crown  8vo.    6s.  6d. 
ALGEBRA.     For  the  Use  of  Colleges  and  Schools.     New  Edition. 

Crown  8vo.     ^s.  6d. 
KEY  TO  ALGEBRA  FOR  THE  USE  OF  COLLEGES  AND 
SCHOOLS.     Crown  8vo.     10s.  6d. 

EUCLID,  &  ELEMENTARY  GEOMETRY. 

Constable.— GEOMETRICAL  EXERCISES  FOR  BE- 
GINNERS.    By  Samuel  Constable.     Crown  8vo.     3s.  6d. 

Cuthbertson. — EUCLIDIAN  geometry.  By  Francis 
Cuthbertson,  M.A.,  LL.D.,  Head  Mathematical  Master  of  the 
City  of  London  School.     Extra  fcap.  8vo.     4^.  6d. 

DodgSOn. — Works  by  Charles  L.  Dodgson,  M.A.,  Student  and 
late  Mathematical  Lecturer  of  Christ  Church,  Oxford. 
EUCLID.    BOOKS  I.  and  II.     Fourth  Edition,  with  words  sub- 
stituted for  the  Algebraical   Sjrmbols  used  in  the  First  Edition. 
Crown  8vo.     2j. 
*»*  The  text  of  this  Edition  has  been  ascertained,  by  counting  the  words,  to  be 

less  than  five-sevenths  of  that  contained  in  the  ordinary  editions. 

EUCLID    AND   HIS    MODERN   RIVALS.     Second    Edition. 
Crown  8vo.  ^  6s. 

CURIOSA  MATHEMATICA.  Part  L  A  New  Theory  of 
Parallels.  Crown  Svo.  2s. 
Dupuis.— ELEMENTARY  SYNTHETIC  GEOMETRY  OF 
THE  POINT,  LINE,  AND  CIRCLE  IN  THE  PLANE. 
By  N.  F.  Dupuis,  M.A.,  F.R.S.C.,  Professor  of  Pure  Mathe- 
matics in  the  University  of  Queen's  College,  Kingston,  Canada. 
Globe  Svo.  {In  the  press. 
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Eagles.— CONSTRUCTIVE  GEOMETRY  OF  PLANE 
CURVES.  By  T.  H.  Eagles,  M.A.,  Instructor  in  Geometrical 
Drawing,  and  Lecturer  in  Architecture  at  the  Royal  Indian  En- 
gineering  College,  Cooper's  Hill.  With  numerous  Examples, 
Crown  8vo.     12s. 

Hall    and    Stevens. — a  text   BOOK   OF    EUCLID'S 

ELEMENTS.  Including  alternative  Proofs,  together  with  additional 
Theorems  and  Exercises,  classified  and  arranged.  By  H.  S. 
Hall,  M.A.,  formerly  Scholar  of  Christ's  College,  Cambridge, 
and  F.  H.  Stevens,  M.A.,  formerly  Scholar  of  Queen's  College, 
Oxford:  Masters  of  the  Military  and  Engineering  Side,  Clifton 
College.  Globe  8vo.  Books  I.  —VI.  4s.  6d.  Or  in  Two  Parts. 
Part  I.,  Books  I.  and  II.  Second  Edition.  2s.  Part  II., 
Books  III.— VL    3s. 

Halsted.— THE  elements  of  geometry.  By  George 
Bruce  Halsted,  Professor  of  Pure  and  Applied  Mathematics 
in  the  University  of  Texas.     8vo.     12s.  6J. 

Kitchener. — a    GEOMETRICAL    NOTE-BOOK,    containing 

Easy  Problems  in  Geometrical  Drawing  preparatory  to  the  Study 

of  Geometry.     For  the  Use  of  Schools,     By  F.  E.  Kitchener, 

M.A.,  Head-Master  of  the  Grammar  School,  Newcastle,  Stafford- 

•    shire.     New  Edition.     4to.     2s. 

Lock.— EUCLID  FOR  BEGINNERS.  Being  an  Introduction 
to  existing  Text-books.  By  Rev.  J.  B.  Lock,  M.A.,  author 
of  "Arithmetic  for  Schools,"  "Trigonometry,"  "Dynamics," 
"Elementary  Statics,"  &c.  {In preparation. 

Mault— NATURAL     GEOMETRY:    an    Introduction    to    the 
Logical    Study   of    Mathematics.     For    Schools    and    Technical 
Classes.     With   Explanatory   Models,    based    upon    the    Tachy- 
metrical  works  of  Ed.  Lagout.     By  A.  Mault.     iSmo.     \s. 
Models  to  Illustrate  the  above,  in  Box,  \2s.  6d. 

Millar. — ELEMENTS  OF  DESCRIPTIVE  GEOMETRY.  By 
J.  B.  Millar,  M.E.,  Civil  Engineer,  Lecturer  on  Engineering  in 
the  Victoria  University,  Manchester.    Second  Edition.  Cr.  Svo.    6s. 

Syllabus  of  Plane  Geometry  (corresponding  to  Euclid, 

Books  I. — VI. ).  Prepared  by  the  Association  for  the  Improve- 
ment of  Geometrical  Teaching.     New  Edition.     Crown  Svo.     is. 

Todhunter. — THE  elements  of  EUCLID.     For  the  Use 
of  Collegesand  Schools.  By  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc, 
of  St.  John's  College,  Cambridge.    New  Edition.     iSmo.     3^  6d. 
KEY  TO  EXERCISES  IN  EUCLID.     Crown  Svo.     6s.  6d. 

Wilson   (J.   M.).— ELEMENTARY  GEOMETRY.      BOOKS 

I. V.    Containing  the  Subjects  of  Euclid's  first  Six  Books.    Fol- 

lowin<y  the  Syllabus  of  the  Geometrical  Association.  By  the  Rev. 
J.  M."*  Wilson,  M.A.,  Head  Master  of  Clifton  College.  New 
Edition.     Extra  fcap.  8vo.     4J.  6d. 
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TRIGONOMETRY. 
Beasley.— AN   elementary   treatise   on   plane 

TRIGONOMETRY.     With  Examples.      By  R.  D.  Beasley, 
M.A.     Ninth  Edition,  revised  and  enlarged.    Crown  8vo.  3J.  6d. 

Johnson.— A  TREATISE  ON  TRIGONOMETRY.  By  W.  E. 
Johnson,  M.A.,  formerly  Scholar  of  King's  College,  Cambridge. 
Crown  8vo.  [In  the  press. 

Lock. — Works  by  Rev.  J.  B.  Lock,  M.A.,  Senior  Fellow,  Assistant 

Tutor  and   Lecturer  in   Gonville  and  Caius  Colleges,    formerly 

Master  at  Eton. 
TRIGONOMETRY  FOR  BEGINNERS,  as  far  as  the  Solution  of 

Triangles.     Globe  8vo.     2J.  dd. 
ELEMENTARY     TRIGONOMETRY.     Sixth    Edition  (in    this 

edition  the  chapter  on  logarithms   has  been  carefully  revised.) 

Globe  8vo.     4^.  6^.  \A  Key  is  in  the  press. 

Mr.  E.  J.  RouTH,  D.Sc,  F.R.S.,  writes:— "It  is  an  able  treatise.    It  takes  the 

difficulties  of  the  subject  one  at  a  time,  and  so  leads  the  young  student  easily  along." 

HIGHER  TRIGONOMETRY.  Fifth  Edition.  Globe  8vo.  ^.  6d. 

Both  Parts  complete  in  One  Volume.     Globe  8vo.     fs.  6d. 

(See  also  under  Arithmetic ^  Higher  Mathematics,  and  Euclid.) 

M'Clelland  and  Preston.— a  treatise  ON  SPHERICAL 

TRIGONOMETRY.  With  numerous  Examples,  By  William 
J.  M'Clelland,  Sch.B.A.,  Principal  of  the  Incorporated  Society's 
School,  Santry,  Dublin,  and  Thomas  Preston,  Sch.B.A.  In 
Two  Parts.  Crown  8vo.  Part  I.  To  the  End  ef  Solution  of 
Triangles,  4^.  dd.     Part  II.,  5^. 

Palmer. — text-book  of  practical  logarithms 

AND  TRIGONOMETRY.  By  J.  H.  Palmer,  Head  School- 
master R.N.,  H.M.  S.  Cambridge,  Devonport.  Globe  8vo.  4^.  dd. 

Snowball.— THE  ELEMENTS  OF  PLANE  AND  SPHERI- 
CAL TRIGONOMETRY.  By  J.  C.  Snowball,  M.A.  Four- 
teenth Edition.     Crown  8vo.     Is.  6d. 

Todhunter. — Works  by  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  John's  College,  Cambridge. 
TRIGONOMETRY     FOR     BEGINNERS.       With      numerous 

Examples.     New  Edition.     i8mo.     2s.  6d. 
KEY  TO  TRIGONOMETRY  FOR  BEGINNERS.  Cr.8vo.  ^s.6d. 
PLANE  TRIGONOMETRY.      For  Schools  and  Colleges.      New 

Edition.     Crown  8vo.     5^. 
KEY  TO  PLANE  TRIGONOMETRY.     Crown  8vo.     loj.  6d. 
A  TREATISE   ON   SPHERICAL  TRIGONOMETRY.     New 

Edition,  enlarged.     Crown  8vo.     45.  6d. 
(See  also  under  Arithmetic  and  Mensuration,  Algebra,  and  Highef 
Mathematics.) 
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HIGHER  MATHEMATICS. 

Airy. — Worl<sby  Sir G.B. Airy, K.C.B.,  formerly  Astronomer- Royal. 

ELEMENTARY  TREATISE  ON  PARTIAL  DIFFERENTIAL 
EQUATIONS.  Designed  for  the  Use  of  Students  in  the  Univer^ 
sities.     With  Diagrams.     Second  Edition.     Crown  8vo.     5^.  (>d. 

ON  THE  ALGEBRAICAL  AND  NUMERICAL  THEORY 
OF  ERRORS  OF  OBSERVATIONS  AND  THE  COMBI- 
NATION OF  OBSERVATIONS.  Second  Edition,  revised. 
Crown  8vo.     6j.  dd. 

Alexander  (T.).— elementary  applied  mechanics. 

Being  the  simpler  and  more  practical  Cases  of  Stress  and  Strain 
wrought  out  individually  from  first  principles  by  means  of  Elemen- 
tary Mathematics.  By  T.  Alexander,  C.E.,  Professor  of  Civil 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei, 
Japan.     Part  I.     Crown  8vo.     4r.  dd. 

Alexander  and  Thomson. — elementary  APPLIED 
mechanics.  By  Thomas  Alexander,  C.E.,  Professor  of 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei,  Japan  ; 
and  Arthur  Watson  Thomson,  C.E.,  B.Sc,  Professor  of 
Engineering  at  the  Royal  College,  Cirencester.  Part  II.  Trans- 
verse Stress.     Crown  8vo.     loj.  dd. 

Army  Preliminary  Examination,  1882-1887,  Speci- 
mens of  Papers  set  at  the.  With  answers  to  the  Mathematical 
Questions.  Subjects  :  Arithmetic,  Algebra,  Euclid,  Geometrical 
Drawing,  Geography,  French,  English  Dictation.  Cr.  8vo.   y.  6d. 

Ball  (W.  W.  R.).— A  SHORT  ACCOUNT  OF  THE  HIS- 
TORY OF  MATHEMATICS.  By  W.  W.  Rouse  Ball, 
Fellow  and  Assistant  Tutor  of  Trinity  College,  Cambridge,  and  of 
the  Inner  Temple,  Barrister-at-Law.     Crown  8vo.     lo^.  6d. 

Ball  (Sir  R.  S.).— EXPERIMENTAL  MECHANICS.  A 
Course  of  Lectures  delivered  at  the  Royal  College  of  Science  for 
Ireland.  By  Sir  Robert  Stawell  Ball,  LL.D.,  F.R.S., 
Astronomer- Royal  of  Ireland.  New  Edition.  With  Illustrations. 
Crown  8vo.     6j. 

Boole.— THE  CALCULUS  OF  FINITE  DIFFERENCES. 
By  G.  Boole,  D.C.L.,  F.R.S.,  late  Professor  of  Mathematics  in 
the  Queen's  University,  Ireland.  Third  Edition,  revised  by 
J.  F.  MoULTON.     Crown  8vo.     los.  6d. 

Cambridge  Senate-House  Problems  and   Riders, 
with  Solutions; — 
i875_PROBLEMS   AND   RIDERS.     By  A.   G.    Greenhill, 

M.A.     Crown  8vo.     8j.  6d. 
1878— SOLUTIONS  OF  SENATE-HOUSE  PROBLEMS.     By 
the  Mathematical  Moderators  and  Examiners.    Edited  by  J.  W.  L. 
Glaisher,  M.A.,  Fellow  of  Trinity  College,  Cambridge.     I2s, 
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Carll. — A  TREATISE  ON  THE  CALCULUS  OF  VARIA- 
TIONS. Arranged  with  the  purpose  of  Introducing,  as  well  as 
Illustrating,  its  Principles  to  the  Reader  by  means  of  Problems, 
and  Designed  to  present  in  all  Important  Particulars  a  Complete 
View  of  the  Present  State  of  the  Science.  By  Lewis  Buffett 
Carll,  A.M.     Demy  8vo.     2ij. 

Cheyne.— AN  elementary  treatise  on  the  PLAN- 
ETARY THEORY.  By  C.  H.  H.  Cheyne,  M.A.,  F.R.A.S. 
With  a  Collection  of  Problems.  Third  Edition.  Edited  by  Rev. 
A.  Freeman,  M.A.,  F.R.A.S.     Crown  8vo.     'js.  6d. 

Christie. — a  collection  of  elementary  test- 
questions  IN  pure  and  mixed  MATHEMATICS; 
with  Answers  and  Appendices  on  Synthetic  Division,  and  on  the 
Solution  of  Numerical  Equations  by  Horner's  Method.  By  James 
R.  Christie,  F.R.S.,  Royal  Military  Academy,  Woolwich. 
Crown  8vo.     8j.  6d. 

Clausius. — MECHANICAL  THEORY  OF  HEAT.  By  R. 
Clausius.  Translated  by  Walter  R.  Browne,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge.     Crown  8vo.     los.  (>d. 

Clifford.— THE  ELEMENTS  OF  DYNAMIC.  An  Introduction 
to  the  Study  of  Motion  and  Rest  in  Solid  and  Fluid  Bodies.  By  W. 
K.  Clifford,  F.R.S.,  late  Professor  of  Applied  Mathematics  and 
Mechanics  at  University  College,  London.  Part  I.— KINEMATIC. 
Crown  8vo.     Books  I — III.  'js.  6d.  ;  Book  IV.  and  Appendix   6j. 

Cockshott    and    Walters. — GEOMETRICAL    CONICS. 

An  Elementary  Treatise.  Drawn  up  in  accordance  with  the 
Syllabus  issued  by  the  Society  for  the  Improvement  of  Geometrical 
Teaching.  By  A.  Cockshott,  M.A.,  formerly  Fellow  and 
Assistant-Tutor  of  Trinity  College,  Cambridge,  and  Assistant- 
Master  at  Eton;  and  Rev.  F.  B.  Walters,  M.A.,  Fellow  of 
Queens'  College,  Cambridge,  and  Principal  of  King  William's 
College,  Isle  of  Man,     With  Diagrams.     Crown  8vo. 

[/« the  press, 

Cotterill.— APPLIED  MECHANICS  :  an  Elementary  General 
Introduction  to  the  Theory  of  Structures  and  Machines.  By 
James  H.  Cotterill,  F.R.S.,  Associate  Member  of  the  Covmcil 
of  the  Institution  of  Naval  Architects,  Associate  Member  of  the 
Institution  of  Civil  Engineers,  Professor  of  Applied  Mechanics  in 
the  Royal  Naval  College,  Greenwich.  Medium  8vo.  i&r. 
ELEMENTARY  MANUAL  OF  APPLIED  MECHANICS. 
By  the  same  Author.     Crown  8vo.  [/« preparation. 

Day  (R.  E.)— electric  LIGHT  ARITHMETIC.  By  R.  E. 
Day,  M.A.,  Evening  Lecturer  in  Experimental  Physics  at  King's 
College,  London.     Pott  8vo.'    2J-. 

DodgSOn. — CURIOSA  MATHEMATICA.  Part  I.  A  New 
Theory  of  Parallels,  By  Charles  L.  Dodgson,  M.A.,  Student 
and  late  Mathematical  Lecturer  of  Christ  Church,  Oxford,  Author 
of  "Euclid  and  his  Modern  Rivals,"  "Euclid,  Books  I.  and  XL," 
&c.     Crown  Svo.     2^. 


32         MACMILLAN'S  EDUCATIONAL  CATALOGUE. 

Drew.— GEOMETRICAL  TREATISE  ON  CONIC  SECTIONS 
By  W.  H.  Drew,  M.A.,  St.  John's  College,  Cambridge.     New 
Edition,  enlarged.     Crown  8vo.     5^-. 

Dyer. — EXERCISES  IN  ANALYTICAL  GEOiMETRY.  Com- 
piled and  arranged  by  J.  M.  Dyer,  M.A.  With  Illustrations. 
Crown  8vo.     4J.  dd. 

Eagles. —CONSTRUCTIVE  GEOMETRY  OF  PLANE 
CURVES.  By  T.  H.  Eagles,  M.A.,  Instructor  in  Geometrical 
Drawing,  and  Lecturer  in  Architecture  at  the  Royal  Indian  En- 
gineering College,  Cooper's  Hill.  With  numerous  Examples. 
Crown  8vo.     izs. 

Edgar  (J.  H.)  and  Pritchard  (G.  S.). — NOTE-BOOK  ON 

PRACTICAL  SOLID  OR  DESCRIPTIVE  GEOMETRY. 
Containing  Problems  with  help  for  Solutions.  By  J.  H.  Eugar, 
M.A.,  Lecturer  on  Mechanical  Drawing  at  the  Royal  School  of 
Mines,  and  G.  S.  Pritchard.  Fourth  Edition,  revised  by 
Arthur  Meeze.     Globe  Svo.    4J.  dd. 

Edwards.— THE  DIFFERENTIAL  CALCULUS.  With  Ap- 
plications and  numerous  Examples.  An  Elementary  Treatise  by 
Joseph  Edwards,  M.A.,  formerly  Fellow  of  Sidney  Sussex 
College,  Cambridge.     Crown  Svo.     ioj.  dd. 

Ferrers. — Works  by  the  Rev.  N.  M.  Ferrers,  M.A.,  Master  of 
Gonville  and  Caius  College,  Cambridge. 
AN  ELEMENTARY  TREATISE  ON  TRILINEAR  CO- 
ORDINATES, the  Method  of  Reciprocal  Polars,  and  the  Theory 
of  Projectors.  New  Edition,  revised.  Crown  Svo.  ds.  6d. 
AN  ELEMENTARY  TREATISE  ON  SPHERICAL  HAR- 
MONICS, AND  SUBJECTS  CONNECTED  WITH 
THEM.     Crown  Svo.     ^s.  6d. 

Forsyth.— A  TREATISE  ON  DIFFERENTIAL  EQUA- 
TIONS. By  Andrew  Russell  Forsyth,  M.A.,  F.R.S.,  Fellow 
and  Assistant  Tutor  of  Trinity  College,  Cambridge.     Svo.     14J. 

Frost. — Workn  by  Percival  Frost,  M.A.,  D.Sc,  formerly  Fellow 
of  St.  John's   College,    Cambridge  ;    Mathematical   Lecturer  at 
King's  College. 
AN  ELEMENTARY   TREATISE    ON    CURVE   TRACING. 

Svo.       1 2S. 

SOLID  GEOMETRY.     Third  Edition.     Demy  Svo.     i6s. 

HINTS  FOR  THE  SOLUTION  OF  PROBLEMS  in  the  Third 

Edition  of  SOLID  GEOMETRY.     Svo.     Sj  6d. 

Greaves.— A  TREATISE  ON  ELEMENTARY  STATICS.    By 

John  Greaves,  M.A.,    Fellow  and  Mathematical   Lecturer  of 

Christ's  College,  Cambridge.  Second  Edition.  Crown  Svo.  6s.  6J. 

STATICS  FOR  SCHOOLS.  By  the  Same  Author.  [In  the  press. 
Greenhill. —  DIFFERENTIAL  AND  INTEGRAL  CAL- 
CULUS. With  Applications.  By  A.  G.  Greenhill,  M.A., 
Professor  of  Mathematics  to  the  Senior  Class  of  Artillery  Officers, 
Woolwich,  and  Examiner  in  Mathematics  to  the  University  of 
London.     Crown  Svo.     ^s.  6d. 
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Hemming. — an  ELEMENTARY  TREATISE  ON  THE 
DIFFERENTIAL  AND  INTEGRAL  CALCULUS,  for  the 
Use  of  Colleges  and  Schools.  By  G.  W.  Hemming,  M.A., 
Fellow  of  St.  John's  College,  Cambridge.  Second  Edition,  with 
Coi-rections  and  Additions.    8vo.     9J. 

Ibbetson. — the  mathematical  theory  of  per- 
fectly ELASTIC  SOLIDS,  with  a  short  account  of  Viscous 
Fluids.  An  Elementary  Treatise.  By  William  John  Ibbetson, 
M.A.,  Fellow  of  the  Royal  Astronomical  Society,  and  of  the  Cam- 
bridge Philosophical  Society,  Member  of  the  London  Mathematical 
Society,  late  Senior  Scholar  of  Clare  College,  Cambridge.  8vo.  21s. 

Jellett  (John  H.). — A  TREATISE  ON  THE  THEORY  OF 
FRICTION.  By  John  H.  Jellett,  B.D.,  late  Provost  of  Trinity 
College,  Dublin;  President  of  the  Royal  Irish  Academy.     8vo. 

Ss.  ed, 

Johnson. — Works  by  William  Woolsey  Johnson,  Professor  of 
Mathematics  at  the  U.S.  Naval  Academy,  Annopolis,  Maryland. 
INTEGRAL    CALCULUS,    an    Elementary   Treatise     on    the; 

Founded  on  the  Method  of  Rates  or  Fluxions.     Demy  Svo.     9^. 
CURVE    TRACING    IN     CARTESIAN    CO-ORDINATES. 
Crown  Svo.     4/.  6d. 

Jones.— EXAMPLES  IN  PHYSICS.  By  D.  E.  Jones,  B.Sc, 
Lecturer  in  Physics  in  University  College  of  Wales,  Aberystwyth. 
Fcap.  Svo.     3 J.  6d. 

Kelland  and  Tait. — INTRODUCTION  TO  QUATER- 
NIONS, with  numerous  examples.  By  P.  Kelland,  M.A., 
F.R.S.,  and  P.  G.  Tait,  M.A.,  Professors  in  the  Department  of 
Mathematics  in  the  University  of  Edinbm-gh.  Second  Edition. 
Crown  Svo.     7^.  6d. 

Kempe. — how  to  draw  a  straight  line  :  a  Lecture 
on  Linkages.  By  A.  B.  Kempe.  With  Illustrations.  Crown  Svo. 
I  J.  6d.     {A  ature  Series.) 

Kennedy.— THE  mechanics  of  machinery.    By  a. 

B.  W.  Kennedy,  F.R.S.,  M.Inst. C.E.,  Professor  of  Engineering 
and  Mechanical  Technology  in  University  College,  London.     With 
Illustrations.     Crown  Svo.     12s.  6d. 
Knox. — DIFFERENTIAL    CALCULUS    FOR   BEGINNERS. 

By  Alexander  Knox.     Fcap.  Svo.     3J.  6d. 
Lock. — Works    by    the    Rev.    J.  B.    Lock,     M.A.,    Author    of 
"Trigonometry,"  "Arithmetic  for  Schools,"  &c. 
HIGHER  TRIGONOMETRY.     Sbcth  Edition.  Globe  Svo.  4^.  6d, 
DYNAMICS  FOR   BEGINNERS.      Second  Edition.      (Stereo- 

typed.)     Globe  Svo.     3^.  6d. 
ELEMENTARY  STATICS.     Globe  Svo. 

(See  also  under  Arithmetic^  Euclid,  and  Trigonometry.) 
Lupton. — CHEMICAL  ARITHMETIC.   With  1,200  Examples- 
By  Sydney  Lupton,  M.A.,  F.C.S.,  F.I.C.,  formerly  Assistant 
Master  in  Harrow  School.     Second  Edition.     Fcap.  Svo.     4^.  6^. 
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Macfarlane.— PHYSICAL  ARITHiMETIC.  By  Alexander 
Macfarlane,  M.  a.,  D.Sc,  F.R.S.E.,  Examiner  in  Mathematics 
to  the  University  of  Edinburgh.     Crown  8vo.     ']s.  6d, 

MacGregOr.— KINEMATICS  and  dynamics.  An  Ele- 
mentary Treatise.  By  Jam.es  Gordon  MacGregor,  M.A., 
D.Sc,  Fellow  of  the  Royal  Societies  of  Edinburgh  and  of  Canada 
Munro  Professor  of  Physics  in  Dalhousie  College,  Halifax,  Nova 
Scotia.    With  Illustrations.    Crovy^n  8vo.     los.  6d. 

Merriman. — a  TEXT  BOOK  OF  THE  METHOD  OF  LEAST 
SQUARES.  By  Mansfield  Merriman,  Professor  of  Civil 
Engineering  at  Lehigh  University,  Member  of  the  American 
Philosophical  Society,  American  Association  for  the  Advancement 
of  Science,  &c.     Demy  8vo.     Sj.  6d. 

Millar. — ELEMENTS  OF  DESCRIPTIVE  GEOMETRY.  By 
J.B.  Millar,  C.E.,  Assistant  Lecturer  in  Engineering  in  Owens 
College,  Manchester.     Second  Edition.     Crown  Svo.     6s. 

Milne. — Works  by  the  Rev.  John  J.  Milne,  M.A.,  Private  Tutor, 
late  Scholar,  of  St.  John's  College,  Cambridge,  &c.,  &c.,  formerly 
Second  Master  of  Heversham  Grammar  School. 
WEEKLY  PROBLEM  PAPERS.  With  Notes  intended  for  the 
use  of  students  preparing  for  Mathematical  Scholarships,  and  for  the 
Junior  Members  of  the  Universities  who  are  reading  for  Mathematical 
Honours.  Pott  Svo.  4J.  6d. 
SOLUTIONS    TO    WEEKLY    PROBLEM    PAPERS.     Crown 

Svo.     lOJ.  6d. 
COMPANION  TO  "  WEEKLY  PROBLEM  PAPERS."    Crown 
Svo.     10s.  6d. 

Muir. — A  TREATISE  ON  THE  THEORY  OF  DETERMI- 
NANTS. With  graduated  sets  of  Examples.  For  use  in  Colleges 
and  Schools.  By  Thos.  Muir,  M.A.,  F.R.S.E.,  Mathematical 
Master  in  the  High  School  of  Glasgow.     Crown  Svo.     7j.  6d. 

Palmer. — text  book  OF  practical  logarithms 

AND  TRIGONOMETRY.  By  J.  H.  Palmer,  Head  School- 
master R.N.,  H.M.S.  Cambridge,  Devonport.    Globe  Svo.    4J,  6d. 

Parkinson.— AN  ELEMENTARY  TREATISE  ON  ME- 
CHANICS.  For  the  Use  of  the  Junior  Classes  at  the  University 
and  the  Higher  Classes  in  Schools.  By  S.  Parkinson,  D.D,, 
F.R.S.,  Tutor  and  Prselector  of  St.  John's  College,  Cambridge. 
With  a  Collection  of  Examples.  Sixth  Edition,  revised.  Crown 
Svo.     9 J.  6d.'i 

Pirie.— LESSONS  ON  RIGID  DYNAMICS.  By  the  Rev.  G- 
Pirie,  M.A.,  late  Fellow  and  Tutor  of  Queen's  College,  Cam- 
bridge ;  Professor  of  Mathematics  in  the  University  of  Aberdeen. 
Crown  Svo.     6s. 

Puckle. — AN  ELEMENTARY  TREATISE  ON  CONIC  SEC- 
TIONS AND  ALGEBRAIC  GEOMETRY.  With  Numerous 
Examples  and  Hints  for  their  Solution  ;  especially  designed  for  the 
Use  of  Beginners.  By  G.  PI.  Puckle,  M.A.  Fifth  Edition, 
revised  and  enlarged.     Crown  Svo.     'js,  6d, 
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Reuleaux.— THE  kinematics  of  machinery.    Out 

lines  of  a  Theory  of  Machines.  By  Professor  F.  Reuleaux 
Translated  and  Edited  by  Professor  A.  B.  W.  KenxNEDY,  F.R.S. 
C.E.    With  450  Illustrations.     Medium  8vo.     21s. 

Rice   and  Johnson.—DIFFERENTIAL     CALCULUS,    an 

Elementary  Treatise  on  the  ;  Founded  on  the  Method  of  Rates  or 
Fluxions.  By  John  Minot  Rice,  Professor  of  Mathematics  in 
the  United  States  Navy,  and  William  Woolsey  Johnson,  Pro- 
fessor of  Mathematics  at  the  United  States  Naval  Academy. 
Third  Edition,  Revised  and  Corrected.  Demy  8vo.  i8j. 
Abridged  Edition,  9^. 

Robinson.— TREATISE  ON  MARINE  SURVEYING.  Pre- 
pared  for  the  use  of  younger  Naval  Officers.  With  Questions  for 
Examinations  and  Exercises  principally  from  the  Papers  of  the 
Royal  Naval  College.  With  the  results.  By  Rev.  John  L. 
Robinson,  Chaplain  and  Instructor  in  the  Royal  Naval  College, 
Greenwich.     With  Illustrations.     Crown  8vo.     7s.  6d. 

Contents. — Symbols  used  in  Charts  and  Surveying — The  Constrnction  and  Use 
of  Scales— Laying  off  Angles— Fixing  Positions  by  Angles  —  Charts  and  Chart- 
Drawing — Instruments  and  Observing  —  Base  Lines— Triangulatir.n— Levelling— 
Tides  and  Tidal  Observations — Soundings — Chronometers — Meridian  Distances 
—Method  of  Plotting  a  Survey— Miscellaneous  Exercises — Index. 

Routh. — Works  by   Edward   John    Routh,    D.Sc,    LL.D., 

F.R.S. ,  Fellow  of  the  University  of  London,  Hon.  Fellow  of  St. 

Peter's  College,  Cambridge. 
A  TREATISE  ON  THE  DYNAMICS  OF  THE  SYSTEM  OF 

RIGID   BODIES.      With  numerous    Examples.      Fourth   and 

enlarged  Edition.     Two  Vols.     8vo.     Vol.  I. — Elementary  Parts. 

14J.     Vol.  H.—The  Advanced  Parts.     14s. 
STABILITY   OF   A   GIVEN   STATE   OF   MOTION,    PAR- 

TICULARLY  STEADY  MOTION.     Adams'  Prize  Essay  for 

1877.     8vo.     $s.  6d. 

Smith  (C). — Works  by  Charles  Smith,    M.A.,   Fellow  and 

Tutor  of  Sidney  Sussex  College,  Cambridge. 
CONIC  SECTIONS.    Fourth  Edition.     Crown  8vo.     Js.  6J. 
SOLUTIONS  TO  CONIC  SECTIONS.     Crown  8vo.     los.  6d. 
AN  ELEMENTARY  TREATISE  ON   SOLID  GEOMETRY. 

Second  Edition.     Crown  8vo.     gs.  6d.     (See  also  under  y^/^^^ra.) 

Tait  and  Steele.— a  treatise  on  dynamics  of  a 

PARTICLE.  With  numerous  Examples.  By  Professor  Tait 
and  Mr.  Steele.     Fifth  Edition,  revised.     Crown  8vo.     12s. 

Thomson. — Works  by  J.  J.  Thomson,  Fellow  of  Trinity  College, 
Cambridge,  and  Professor  of  Experimental  Physics  in  the  University. 

A  TREATISE  ON  THE  MOTION  OF  VORTEX  RINGS.  An 
Essay  to  which  the  Adams  Prize  was  adjudged  in  1882  in  the 
University  of  Cambridge.     With  DiagramiS,     8vo.     6s. 

APPLICATIONS  OF  DYNAMICS  TO  PHYSICS  AND 
CHEMISTRY.     Crown  8vo.     7/.  W. 
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Todhunter.— Works  by  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  John's  College,  Cambridge. 
"  Mr.  Todhunter  is  chiefly  known  to  students  of  Mathematics  as  the  author  of  a 
fceiies  of  admirable  mathematical  text-books,  which  possess  the  rare  qualities  of  being 
cltar  in   style    and    absolutely  free    from  mistakes,   typographical  and  other."— 
Satukday  Review. 

MECHANICS  FOR  BEGINNERS.      With  numerous  Examples. 

New  Edition.     i8mo.     4^.  6d. 
KEY  TO  MECHANICS  FOR  BEGINNERS.  CrownSvo.  Cs.Sd. 

AN  ELEMENTARY  TREATISE  ON  THE  THEORY  OF 
EQUATIONS.     New  Edition,  revised.     Crown  8vo.     7j.  6d. 

PLANE  CO-ORDINATE  GEOMETRY,  as  applied  to  the  Straight 
Line  and  the  Couic  Sections.  With  numerous  Examples,  New 
Edition,  revised  and  enlarged.     Crown  8vo.     'js.  6d. 

KEY  TO  PLANE  CO-ORDINATE  GEOMETRY.  By  C.  W. 
Bourne,  M.  A.  Head  Master  of  the  College,  Inverness.  Crown 
8vo.     10s.  6d. 

A  TREATISE  ON  THE  DIFFERENTIAL  CALCULUS.  With 
numerous  Examples.     New  Edition.     Crown  8vo.     los.  6d. 

A  KEY  TO  DIFFERENTIAL  CALCULUS.  By  H.  St.  J. 
Hunter,  M.A.     CrownSvo.     loj.  6d. 

A  TREATISE  ON  THE  INTEGRAL  CALCULUS  AND  ITS 
APPLICATIONS.  With  numerous  Examples.  New  PIdition, 
revised  and  enlarged.     Crown  8vo.     10s.  6d. 

EXAMPLES   OF  ANALYTICAL   GEOMETRY   OF  THREE 

DIMENSIONS.     New  Edition,  revised.     Crown  8vo.     4s. 
A  TREATISE  ON  ANALYTICAL  STATICS.     With  numerous 

Examples,     Fifth  Edition,     Edited  by  Professor  J.  D.  Everett, 

F.R.S.     Crown  8vo.     10s.  6d. 
A   HISTORY    OF    THE    MATHEMATICAL   THEORY    OF 

PROBABILITY,  from  the  time  of  Pascal   to  that   of  Laplace. 

8vo.     iSs. 
A  HISTORY  OF  THE  MATHEMATICAL  THEORIES  OF 

ATTRACTION,  AND   THE  FIGURE  OF  THE   EARTH, 

from  the  time  of  Newton  to  that  of  Laplace.     2  vols.     8vo.     24s. 
AN  ELEMENTARY  TREATISE  ON  LAPLACE'S,  LAME'S, 

AND  BESSEL'S  FUNCTIONS.     Crown  8vo,     los.  6d. 
(See  also  nndtx  Arithmetic  and  Mensuration^  Algebra,  and  Trigonometry.) 

Wilson  (J.  M.). — SOLID  GEOMETRY  AND  CONIC  SEC- 
TIONS. With  Appendices  on  Transversals  and  Harmonic  Division. 
For  the  Use  of  Schools.  By  Rev.  J.  M.  Wilson,  M.A,  Head 
Master  of  CHfton  College,    New  Edition,  Extra  fcap.  8vo.  3^.  6d. 

Woolwich   Mathematical   Papers,  for  Admission  into 

the  Royal  Military  Academy,  Woolwich,  1880 — 1884  inclusive. 
Crown  Svo.     y.  6d. 
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Wolstenholme.— MATHEMATICAL  PROBLEMS,  on  Sub- 
jects included  in  the  First  and  Second  Divisions  of  the  Schedule  of 
subjects  for  the  Cambridge  Mathematical  Tripos  Examination. 
Devised  and  arranged  by  Joseph  Wolstenholme,  D.Sc,  late 
Fellow  of  Christ's  College,  sometime  Fellow  of  St.  John's  College, 
and  Professor  of  Mathematics  in  the  Royal  Indian  Engineering 
College.  New  Edition,  greatly  enlarged.  8vo.  iSs. 
EXAMPLES  FOR  PRACTICE  IN  THE  USE  OF  SEVEN- 
FIGURE  LOGARITHMS.  For  the  Use  of  Colleges  and 
Schools.     By  the  same  Author.     8vo.     5^. 


SCIENCE. 

(i)  Natural  Philosophy,  (2)  Astronomy,  (3) 
Chemistry,  (4)  Biology,  (5)  Medicine,  (6)  Anthro- 
pology, (7)  Physical  Geography  and  Geology,  (8) 
Agriculture. 

NATURAL  PHILOSOPHY. 

Airy. — Works  by  Sir  G.  B.  Airy,  K.C.B.,  formerly  Astronomer- 
Royal. 

ON  SOUND  AND  ATMOSPHERIC  VIBRATIONS.  With 
the  Mathematical  Elements  of  Music.  Designed  for  the  Use  of 
Students  in  the  University.  Second  Edition,  revised  and  enlarged. 
Crown  8vo.     9^. 

A  TREATISE  ON  MAGNETISM.  Designed  for  the  Use  of 
Students  in  the  University.     Crown  8vo.     9v.  6d. 

GRAVITATION  :  an  Elementary  Explanation  of  the  Principal  Per- 
turbations in  the  Solar  System.  Second  Edition.  Crown  8vo.  7^.  6^/. 
Alexander  (T.). — ELEMENTARY  APPLIED  MECHANICS. 
Being  the  simpler  and  more  practical  Cases  of  Stress  and  Strain 
wrought  out  individually  from  first  principles  by  means  of  Ele- 
mentary Mathematics.  By  T.  Alexander,  C.E.,  Professor  of 
Civil  Engineering  in  the  Imperial  College  of  Engineering,  Tokei, 
Japan.     Crown  8vo.     Part  I.     4^.  6d. 

Alexander  —  Thomson.  —  ELEMENTARY  APPLIED 
MECHANICS.  By  Thomas  Alexander,  C.E.,  Professor  of 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei,  Japan  ; 
and  Arthur  Watson  Thomson,  C.E.,  B.Sc,  Professor  of 
Engineering  at  the  Royal  College,  Cirencester.  Part  II.  Trans- 
verse Stress  ;  upwards  of  150  Diagrams,  and  200  Examples 
carefully  worked  out.     Crown  8vo.      los.  6d. 

Ball  (R.  S.). — EXPERIMENTAL  MECHANICS.  A  Course  of 
Lectures  delivered  at  the  Royal  College  of  Science  for  Ireland. 
By  Sir  R.  S.  Ball,  LL.D.,  F.R.S.,  Astronomer  Royal  of  Irelajid. 
Second  and  Cheaper  Edition.     Crown  8vo.     6s. 
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Bottomley.— FOUR-FIGURE  MATHEMATICAL  TABLES. 
Comprising  Logarithmic  and  Trigonometrical  Tables,  and  Tables 
of  Squares,  Square  Roots,  and  Reciprocals.  By  J.  T.  Bottomley, 
M.A.,  F.K.S.E.,  F.C.S.,  Lecturer  in  Natural  Philosophy  in  the 
University  of  Glasgow.     8vo.     2s.  6d. 

Chisholm.  —  the  SCIENCE  OF  WEIGHING  AND 
MEASURING,  AND  THE  STANDARDS  OF  MEASURE 
AND  WEIGHT.  By  H.W.  Chisholm,  Warden  of  the  Standards. 
With  numerous  Illustrations.    Crown  8vo.    4^.  6d.  {Nature  Series). 

Clausius. — MECHANICAL  THEORY  OF  HEAT.  By  R. 
Clausius.  Translated  by  Walter  R.  Browne,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge.     Crown  8vo.     los.  dd. 

Cotterill. — applied  mechanics:  an  Elementary  General 
Introduction  to  the  Theory  of  Structures  and  Machines.  By 
James  H.  Cotterill,  F.R.S.,  Associate  Member  of  the  Council 
of  the  Institution  of  Naval  Architects,  Associate  Member  of  the 
Institution  of  Civil  Engineers,  Professor  of  Applied  Mechanics  in 
the  Royal  Naval  College,  Greenwich.  Medium  8vo.  i8j. 
ELEMENTARY  MANUAL  OF  APPLIED  MECHANICS. 
By  the  same  Author.     Crown  8vo.  \In  preparation. 

Gumming. — AN  INTRODUCTION  TO  THE  THEORY  OF 
ELECTRICITY.  By  Linn^us  Gumming,  M.A.,  one  of  the 
Mastersof  Rugby  School.    With  Illustrations.    Crown  8vo.    %s.6d. 

Daniell. — a    text-book    of   the   principles    of 

PHYSICS.  By  Alfred  Daniell,  M.A.,  LL.B.,  D.Sc, 
F.R.S.E.,  late  Lecturer  on  Physics  in  the  Sdiool  of  Medicine, 
Edinburgh.  With  Illustrations.  Second  Edition.  Revised  and 
Enlarged.     Medium  8vo.     21s. 

Day.— ELECTRIC  LIGHT  ARITHMETIC.  By  R.  E.  Day, 
M.A.,  Evening  Lecturer  in  Experimental  Physics  at  King's 
College,  London.     Pott  8vo.     2j. 

Everett.— UNITS  AND  PHYSICAL  CONSTANTS.  By  J.  D. 
Everett,  M.A.,  D.C.L.,  F.R.S.,  F.R.S.E.,  Professor  of 
Natural  Philosophy,  Queen's  College,  Belfast.  Second  Edition. 
Extra  fcap.  8vo.     5^. 

Gray THE   THEORY   AND    PRACTICE   OF    ABSOLUTE 

MEASUREMENTS  IN  ELECTRICITY  AND  MAGNET- 
ISM.  By  Andrew  Gray,  M.  A. ,  F. R.  S. E. ,  Professor  of  Physics 
in  the  University  College  of  North  Wales.  Two  Vols.  Crown 
8vo.     Vol.  I.     1 2  J.  dd.  [Vol.  II.  in  the  press. 

Greaves. — STATICS    FOR  SCHOOLS.      By  John  Greaves, 

M.A.,    Fellow  and   Mathematical   Lecturer  of  Christ's   College, 

Cambridge.  lln  preparation. 

ELEMENTARY  STATICS,  A  TREATISE  ON.     By  the  same. 

Second  Edition,  revised.     Crown  8vo.     6j.  dd. 

Grove.— A  DICTIONARY  OF  MUSIC  AND  MUSICIANS. 
(a.d.  1450 — 1888).  By  Eminent  Writers,  English  and  Foreign. 
Edited  by  Sir  George  Grove,  D.C.L.,  Director  of  the  Royal 
College  of  Music,  &c.     Demy  8vo. 

V«!s.  I.,  II.,  and  III.     Price  211.  each. 
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Grove — continued. 

Vol.  I.  A  to  IMPROMPTU.     Vol.  II.    IMPROPERIA  to 

PLAIN   SONG.       Vol.    III.    PLANCHE    TO    SUMER    IS 

ICUMEN   IN.      Demy  8vo.   cloth,   with  Illustrations  in  Music 

Type  and  Woodcut.     Also  published  in  Parts.     Parts  I.  to  XIV., 

Parts  XIX— XXII.,  price  3^.  6a'.  each.    Parts  XV.,  XVI.,  price  'js. 

Parts  XVII.,  XVIII.,  price  7^. 

*,*  (Part  XXII.)  just  published,  completes  the  Dictionary  of 

Music  and  Musicians  as  originally  contemplated.     But  an  Appendix 

and  a  full  general  Index  are  in  the  press. 

"  Dr.  Grove's  Dictionary  will  be  a  boon  to  every  btelligfcnt  lover  of  mnsic."— 
Saturday  Review, 

Huxley. — INTRODUCTORY  PRIMER  OF  SCIENCE.  By  T. 
H.  Huxley,  F.R.S.,  &c.     i8mo.     \s. 

Ibbetson.— THE  mathematical  theory  of   per. 

FECTLY  ELASTIC  SOLIDS,  with  a  Short  Account  of  Viscous 

Fluids.     An  Elementary  Treatise.     By  William  John  Ibbetson, 

B.A.,  F.R.A.S.,  Senior  Scholar  of  Clare  College,  Cambridge.  8vo. 

Price  2ij. 
Jones.— EXAMPLES  IN  PHYSICS.     By  D.  E.  Jones,  B.Sc. 

Lecturer  in  Physics  in  University  College  of  Wales,  Aberystwith. 

Fcap.  8vo.     3J.  (>d. 
Kempe.— HOW  TO  DRAW  A  STRAIGHT  LINE ;  a  Lecture 

on  Linkages.     By  A.   B.  Kempe.     With  Illustrations.     Crown 

8vo.     I  J.  dd.     {Nature  Series. ) 

Kennedy.— THE  MECHANICS  OF  MACHINERY.  By  A.  B. 
W.  Kennedy,  F.R.S.,  M.Inst.C.E.,  Professor  of  Engineering  and 
Mechanical  Technology  in  University  College,  London.  With 
numerous  Illustrations.     Crown  8vo.     I2j.  dd. 

Lang. — EXPERIMENTAL  PHYSICS.  By  P.  R.  ScoTT  Lang, 
M.A.,  Professor  of  Mathematics  in  the  University  of  St.  Andrews. 
With  Illustrations.     Crown  8vo.  \In  the  press. 

Lock. — Works  by  Rev.  J.  B.  Lock,  M.A.,  Senior  Fellow,  Assistan 
Tutor  and    Lecturer  in  Gonville   and    Caius  College,   formerly 
Master  at  Eton,  &c. 
DYNAMICS  FOR  BEGINNERS.     Globe  8vo.     3J.  td. 
ELEMENTARY  STATICS.     Globe  8vo.     4^.  6^. 

Lodge.— MODERN  VIEWS  OF  ELECTRICITY.  By  Oliver 
J.  Lodge,  F.R.S.,  Professor  of  Physics  in  University  College, 
Liverpool.     Illustrated.     Crown  8vo.  \In  preparation. 

Loewy.— QUESTIONS  AND  EXAMPLES  ON  EXPERI- 
MENTAL PHYSICS  :  Sound,  Light,  Heat,  Electricity,  and 
Magnetism.  By  B.  Loewy,  F.R.A.S.,  Science  Master  at  the 
London  International  College,  and  Examiner  in  Experimental 
Physics  to  the  College  of  Preceptors.     Fcap.  8vo.     2J. 

Lupton.— NUMERICAL  TABLES  AND  CONSTANTS  IN 
ELEMENTARY  SCIENCE.  By  Sydney  Lupton,  M.A,. 
F.C.S.,  F.I.C,  Assistant  Master  at  Harrow  School.  Extra  fcap. 
8vo.     %s.  6d. 
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Macfarlane,— PHYSICAL  arithmetic.     By  Alexander 

Ma-CFARlane,  D.Sc,  Examiner  in  Mathematics  in  the  University 
of  Edinburgh.     Crown  8 vo.     'js.  6d. 

Macgregor.— KINEMATICS  AND  dynamics.  An  Ele- 
mentary Treatise.  By  James  Gordon  Macgregor,  M.A.,  D.  Sc, 
Fellow  of  the  Royal  Societies  of  Edinburgh  and  of  Canada,  Munro 
Professor  of  Physics  in  Dalhousie  College,  Halifax,  Nova  Scotia. 
With  Illustrations.     Crown  8vo.     los.  6d. 

Mayer. — SOUND:  a  Series  of  Simple,  Entertaining,  and  Inex- 
pensive Experiments  in  the  Phenomena  of  Sound,  for  the  Use  of 
Students  of  every  age.  By  A.  M.  Mayer,  Professor  of  Physics 
in  the  Stevens  Institute  of  Technology,  &c.  With  numerous 
Illustrations.     Crown  8vo.     2s.  6d.     {Nature  Series.) 

Mayer  and  Barnard.— LIGHT  :  a  Series  of  Simple,  Entertain- 
ing, and  Inexpensive  Experiments  in  the  Phenomena  of  Light,  for  the 
Use  of  Students  of  every  age.  By  A.  M.  Mayer  and  C.  Barnard. 
With  numerous  Illustrations.   Crown  8vo.  2s.  6d.    {Natiire  Series. ) 

Newton. — PRINCIPIA.  Edited  by  Professor  Sir  W.  Thomson 
and  Professor  Blackburne.  4to,  cloth.  31J.  6d. 
THE  FIRST  THREE  SECTIONS  OF  NEWTON'S  PRIN- 
CIPIA. With  Notes  and  Illustrations.  Also  a  Collection  of 
Problems,  principally  intended  as  Examples  of  Newton's  Methods. 
By  Percival  Frost,  M.A.     Third  Edition.     8vo.     12s. 

Parkinson. — a  TREATISE  ON  OPTICS.  By  S.  Parkinson, 
D.D.,  F.R.S.,  Tutor  and  Prselector  of  St.  John's  College,  Cam- 
bridge. Fourth  Edition,  revised  and  enlarged.  Crown  8vo.  los.  6d. 

Perry.  —  STEAM.  AN  ELEMENTARY  TREATISE.  By 
John  Perry,  C.E.,  Whitworth  Scholar,  Fellow  of  the  Chemical 
Society,  Professor  of  Mechanical  Engineering  and  Applied  Mech- 
anics at  the  Technical  College,  Finsbury.  With  numerous  Wood- 
cuts and  Numerical  Examples  and  Exercises.     i8mo.    45.  6d. 

Ramsay.— EXPERIMENTAL  PROOFS  OF  CHEMICAL 
THEORY  FOR  BEGINNERS.  By  William  Ramsay,  Ph.D., 
Professor  of  Chemistry  in  University  Coll. ,  Bristol.  Pott  8vo.  2s.  6d. 

Rayleigh. — the  THEORY  OF  SOUND.  By  Lord  Rayleigh, 
M.A.,  F.R.S.,  formerly  Fellow  of  Trinity  College,  Cambridge, 
8vo.     Vol.  I.  I2s.  ed.     Vol.  11.  12s.  6d.      [Vol.  III.  in  the  press. 

Reuleaux. — the  kinematics  of  machinery.     Out. 

lines  of  a  Theory  of  Machines.  By  Professor  F.  Reuleaux. 
Translated  and  Edited  by  Professor  A.  B.  W.  Kennedy,  F.R.S., 
C.E.     With  450  Illustrations.     Medium  8vo.     21s. 

Roscoe  and  Schuster — spectrum  analysis.  Lectures 

delivered  in  1868  before  the  Society  of  Apothecaries  of  London, 
By  Sir  Henry  E.  Roscoe,  LL.D.,  F.R.S.,  formerly  Professor  of 
Chemistry  in  the  Owens  College,  Victoria  University,  Manchester. 
Fourth  Edition,  revised  and  considerably  enlarged  by  the  Author 
and  by  Arthur  Schuster,  F.R.S.,  Ph.D.,  Professor  of  Applied 
Mathematics  in  the  Owens  College,  Victoria  University.  With  Ap- 
pendices, numerous  Illustrations,  and  Plates.     Medium  8vo.     21s. 
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Shann. — AN  ELEMENTARY  TREATISE  ON  HEAT,  IN 
RELATION  TO  STEAM  AND  THE  STEAM-ENGINE. 
By  G.  Shann,  M.A.     With  Illustrations.     Crown  8vo.     4s.  6d. 

SpOttiswoode.— POLARISATION  OF  LIGHT.  By  the  late 
W.  SPOTTISWOODE,  F.R.S.  With  many  Illustrations.  New 
Edition.     Crown  8vo.     3^.  6d.     {Nature  Series.) 

Stewart  (Balfour). — Works  by  Balfour  Stewart,  F.R.S., 

late  Langworthy  Professor  of   Physics  in   the   Owens    College, 

Victoria  University,  Manchester. 
PRIMER   OF   PHYSICS.     With  numerous   Illustrations.      New 

Edition,  with  Questions.     i8mo.     is.     {Science  Primers.') 
LESSONS   IN   ELEMENTARY    PHYSICS.       With  numerous 

Illustrations  and  Chromolitho  of  the  Spectra  of  the  Sun,  Stars, 

and  Nebulae.     New  and  Enlarged  Edition.     Fcap.  Svo.     4^.  6d. 
QUESTIONS  ON  BALFOUR   STEWART'S  ELEMENTARY 

LESSONS  IN  PHYSICS.     By  Prof.  Thomas  H.  Core,  Owens 

College,  Manchester.     Fcap.  Svo.     2s, 

Stewart  and  Gee.— elementary  PRACTICAL  PHY- 
SICS, LESSONS  IN.     By  Balfour  Stewart,  M.A.,  LL.D., 
F.R.S.,  and  W.  W.  Haldane  Gee,  B.Sc.     Crown  Svo. 
Vol.  I.— GENERAL  PHYSICAL  PROCESSES.     6x. 
Vol.  IL  —ELECTRICITY  AND  MAGNETISM,     yj.  6^. 
Vol.  III.— OPTICS,  HEAT,  AND  SOUND.       [/w  the  press. 
PRACTICAL  PHYSICS  FOR  SCHOOLS  AND  THE  JUNIOR 
STUDENTS  OF  COLLEGES.  By  the  same  Authors.  Globe  Svo. 
Vol.  L— ELECTRICITY  AND  MAGNETISM,     is.  dd. 

Stokes. — ON  LIGHT.  Being  the  Burnett  Lectures,  delivered  in 
Aberdeen  in  1883,  1884,  1885.  By  George  Gabriel  Stokes, 
M.A.,  P.R.S.,  &c.,  Fellow  of  Pembroke  College,  and  Lucasian 
Professor  of  Mathematics  iu  the  University  of  Cambridge.  First 
Course:  On  the  Nature  of  Light.— Second  Course:  On 
Light  as  a  Means  of  Investigation. — Third  Course  :  On  the 
Beneficial  Effects  of  Light.  Complete  in  one  volume. 
Crown  Svo.  "js  6d. 
*J^  The  Second  and  Third  Courses  may  be  had  separately.    Crown 

Svo.     2s,  6d.  each. 

Stone. — AN  ELEMENTARY  TREATISE  ON  SOUND.  By 
W.  H.    Stone,  M.D.     With  Illustrations.     iSmo.     y.  6d. 

Tait— HEAT.  By  P.  G.  Tait,  M.A.,  Sec.  R.S.E.,  formerly 
Fellow  of  St.  Peter's  College,  Cambridge,  Professor  of  Natural 
Philosophy  in  the  University  of  Edinburgh.     Crown  Svo.     6s. 

Thompson. — elementary  LESSONS  in  electricity 

AND  magnetism.  By  Silvanus  P.  Thompson,  Principal 
and  Professor  of  Physics  in  the  Technical  College,  Finsbury.  With 
Illustrations.  New  Edition,  Revised.  Twenty-Eighth  Thousan4. 
Fcap.  Svo.     4J.  6d. 
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Thomson,  Sir  W. — ELECTROSTATICS  AND  MAG- 
NETISM, REPRINTS  OF  PAPERS  ON.  By  Sir  William 
Thomson,  D.C.L.,  LL.D,,  F.R.S.,  F.R.S.E.,  Fellow  of  St. 
Peter's  College,  Cambridge,  and  Professor  of  Natural  Philosophy 
in  the  University  of  Glasgow.  Second  Edition.  Medium  8vo.  iSs. 
Thomson,  J.  J. — Works  by  J.  J.  Thomson,  Fellow  of  Trinity 
College,  Cavendish  Professor  of  Experimental  Physics  in  the 
University. 

THE  MOTION  OF  VORTEX  RINGS,  A  TREATISE  ON. 
An  Essay  to  which  the  Adams  Prize  was  adjudged  in  1882  in 
the   University  of  Cambridge.     With  Diagrams.     8vo.     6^. 

APPLICATIONS    OF     DYNAMICS    TO     PHYSICS     AND 
CHEMISTRY.     By  the  same  Author.     Crown  8vo.     Js.  6d. 
Todhunter. — NATURAL  PHILOSOPHY  FOR  BEGINNERS. 
By  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc. 

Part  I.  The  Properties  of  Solid  and  Fluid  Bodies.     l8mo.     35.  6d. 

Part  II.  Sound,  Light,  and  Heat.     i8mo,     3^.  6ci. 

Turner. — heat  and  electricity,  a  collection  of 

EXAMPLES  ON.  By  H.  H.  Turner,  B.  A.,  Fellow  of  Trinity 
College,  Cambridge.  Crown  8vo.  2s.  6d. 
Wright  (Lewis).  —  LIGHT  ;  A  COURSE  OF  EXPERI- 
MENTAL OPTICS,  CHIEFLY  WITH  THE  LANTERN. 
By  Lewis  Wright.  With  nearly  200  Engravings  and  Coloured 
Plates.     Crown  8vo.     Js.  dd. 

ASTRONOMY. 

Airy. — POPULAR   ASTRONOMY.      With   Illustrations  by  Sir 
G.  B.  Airy,  K.U.B.,  formerly  Astronomer- Royal.     New  Edition. 
i8mo.     4 J.  dd. 
Forbes. — TRANSIT    OF    VENUS.      By   G.    Forbes,    M.A., 
Professor  of  Natural  Philosophy  in  the  Andersonian  University, 
Glasgow.     Illustrated.     Crown  8vo.     y.  6d.     {Nature  Series.) 
Godfray. — Works    by    Hugh    Godfray,    M.A.,    Mathematical 
Lecturer  at  Pembroke  College,  Cambridge. 
A  TREATISE  ON  ASTRONOMY,  for  the  Use  of  Colleges  and 

Schools.     Fourth  Edition.     8vo.     12s.  6d. 
AN  ELEMENTARY  TREATISE  ON  THE  LUNAR  THEORY, 
with  a  Brief  Sketch  of  the  Problem  up  to  the  time  of  Newton. 
Second  Edition,  revised.     Crown  8vo.     $s.  6d. 
Lockyer. — Works  by  J.  Norman  Lockyer,  F.R.S. 
PRIMER    OF    ASTRONOMY.       With    numerous    Illustrations. 

New  Edition.     i8mo.     is.     {Science  Primers.) 
ELEMENTARY  LESSONS  IN  ASTRONOMY.     With  Coloured 
Diagram  of  the  Spectra  of  the   Sun,    Stars,    and   Nebulae,  and 
numerous  Illustrations.  New  Edition,  revised.   Fcap.  8vo.    ^s.  6d. 
QUESTIONS  ON  LOCKYER'S  ELEMENTARY  LESSONS  IN 
ASTRONOMY.     For  the  Use  of  Schools.     By  John  Forbes- 
Robertson.     i8mo,  cloth  limp.     is.  6d. 
THE  CHEMISTRY  OF  THE  SUN.  With  Illustrations.  8vo.  14/. 
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Newcomb. — POPULAR  ASTRONOMY.     By  S.   Newcomb, 
LL.D.,  Professor  U.S.  Naval  Observatory.    With  112  Illustrations 
and  5  Maps  of  the  Stars.     Second  Edition,  revised.     8vo.     i8j. 
"  It  is  unlike  anything:  else  of  its  kind,  and  will  be  of  more  use  in  circulating  a 

knowledge  of  Astronomy  than  nine-tenths  of  the  books  which  have  appeared  on  Uie 

subject  of  late  years."— Saturday  Review. 


CHEMISTRY. 
Armstrong.— A  MANUAL  OF  inorganic  chemistry. 

By  Henry  Armstrong,  Ph.D.,  F.R.S.,  Professor  of  Chemistry 
in  the  City  and  Guilds  of  London  Technical  Institute.    Crown  8vo. 

[J ft  preparation. 

Cohen.— THE  OWENS  COLLEGE  COURSE  OF  PRAC- 
TICAL ORGANIC  CHEMISTRY.  By  Julius  B.  Cohen, 
Ph.D.,  F.C.S.,  Assistant  Lecturer  on  Chemistry  in  the  Owens 
College,  Manchester.  With  a  Preface  by  SiR  Henry  Roscoe, 
F.R.S.,  and  C.  Schorlemmer,  F.R.S.     Fcap.  8vo.   2J.  dd. 

Cooke.— ELEMENTS  OF  CHEMICAL  PHYSICS.  By  JosiAH 
P.  Cooke,  Junr.,  Erving  Professor  of  Chemistry  and  Mineralogy 
in  Harvard  University.     Fourth  Edition.     Royal  8vo.     2ij. 

Fleischer.— A  SYSTEM  OF  volumetric  analysis. 

By  Emil  Fleischer.  Translated,  with  Notes  and  Additions, 
from  the  Second  German  Edition  by  M.  M.  Pattison  Muir, 
F.R.S.E.     With  Illustrations.     Crown  8vo.     ^js.dd. 

Frankland. — AGRICULTURAL  CHEMICAL  ANALYSIS 
A  Handbook  of.  By  Percy  Faraday  Frankland,  Ph.D., 
B.Sc,  F.C.S.  Associate  of  the  Royal  School  of  Mines,  and 
Demonstrator  of  Practical  and  Agricultural  Chemistry  in  the 
Normal  School  of  Science  and  Royal  School  of  Mines,  South 
Kensington  Museum.  Founded  upon  Leitfaden  fiir  die  Agriculture 
Chemiche  Analyse^  von  Dr.  F.  Krocker.     Crown  8vo.     7^.  6</. 

Hartley.— A  COURSE  OF  QUANTITATIVE  ANALYSIS 
FOR  STUDENTS.  By  W.  Noel  Hartley,  F.R.S.,  Professor 
of  Chemistry,  and  of  Applied  Chemistry,  Science  and  Art  Depart- 
ment, Royal  College  of  Science,  Dublin.     Globe  8vo.     5j. 

Hiorns. — Works  by  Arthur  H.  Hiorns,  Principal  of  the  School 

of  Metallurgy,  Birmingham  and  Midland  Institute. 

A    TEXT-BOOK    OF    PRACTICAL    METALLURGY    AND 

ASSAYING.     With  Illustrations.     Globe  8vo.  IJust  ready. 

A     TEXT-BOOK     ON     ELEMENTARY     THEORETICAL 

METALLURGY.     Globe  8vo.  \In  the  press. 

Jones. — Works  by  Francis  Jones,  F.R.S.E.,  F.C.S.,  Chemical 
Master  in  the  Grammar  School,  Manchester. 
THE  OWENS  COLLEGE  JUNIOR  COURSE  OF  PRAC- 
TICAL CHEMISTRY.  With  Preface  by  Sir  Henry  Roscoe, 
F.R.S. ,  and  Illustrations.  New  Edition.  i8mo.  2s.  6d. 
QUESTIONS  ON  CHEMISTRY.  A  Series  of  Problems  and 
Exercises  in  Inorganic  and  Organic  Chemistry.     Fcap.  8vo.     3J. 


44        MACMILLAN'S  EDUCATIONAL  CATALOGUE. 

Landauer.— BLOWPIPE  analysis.  By  J.  Landauer. 
Authorised  English  Edition  by  J.  Taylor  and  W.  E.  Kay,  of 
Owens  College,  Manchester.     Extra  fcap.  8vo.     4J.  (>d. 

Lupt on. —CHEMICAL  ARITHMETIC.  With  1,200 Problems. 
By  Sydney  LurxoN,  M.A.,  F.C.S.,  F.LC,  formerly  Assistant- 
Master  at  Harrow.  Second  Edition,  Revised  and  Abridged. 
Fcap.  8vo.     4^.  dd. 

Meldola. — PPIOTOGRAPHIC  CHEMISTRY.  By  Raphael 
Meldola,  F.R.S.,  Professor  of  Chemistry  in  the  Technical 
College,  Finsbury.     Crown  8  vo.     {Nature  Series.)      \In  the  press, 

Muir. — PRACTICAL  CHEMISTRY  FOR  MEDICAL  STU- 
DENTS. Specially  arranged  for  the  first  M.B.  Course.  By 
M.  M.  Pattison  Muir,  F.R.S.E.     Fcap.  8vo.     \s.  6d. 

Muir  and  Wilson. — the  elements  of  thermal 

CHEMISTRY.  By  M.  M.  Pattison  Muir,  M.A.,  F.R.S.E., 
Fellow  and  Prselector  of  Chemistry  in  Gonville  and  Caius  College, 
Cambridge;  Assisted  by  David  Muir  Wilson.     8vo.     12s.  6d. 

Rem  sen. — Works  by  Ira  Remsen,  Professor  of  Chemistry  in  the 
Johns  Hopkins  University. 

COMPOUNDS  OF  CARBON  j  or,  Organic  Chemistry,  an  Intro- 
duction to  the  Study  of.     Crown  8vo.     6s.  6d. 

AN  INTRODUCTION  TO  THE  STUDY  OF  CHEMISTRY 
(INORGANIC  CHEMISTRY).     Crown  8vo.     6s.  6d. 

THE  ELEMENTS  OF  CHEMISTRY.  A  Text  Book  for 
Beginners.     Fcap.  8vo.     is,  6d. 

RoSCOe. — Works  by  Sir  Henry  E.  Roscoe,  F.R.S.,  formerly 
Professor  of  Chemistry  in  the  Victoria  University  the  Owens  College, 
Manchester. 

PRIMER  OF  CHEMISTRY.  With  numerous  Illustrations.  New 
Edition.     With  Questions.     i8mo.     is.     {Science  Primers.) 

LESSONS  IN  ELEMENTARY  CHEMISTRY,  INORGANIC 
AND  ORGANIC.  With  numerous  Illustrations  and  ChromoUtho 
of  the  Solar  Spectrum,  and  of  the  Alkalies  and  Alkaline  Earths. 
New  Edition.     Fcap.  8vo.     ^.  6d.     (See  under  Tuoilve.) 

Roscoe  and  Schorlemmer. — INORGANIC  AND  OR- 
GANIC CHEMISTRY.  A  Complete  Treatise  on  Inorganic  and 
Organic  Chemistry.  By  Sir  Henry  E.  Roscoe,  F.R.S.,  and  Prof. 
C.  Schorlemmer,  F.R.S.     With  Illustrations.  MediumSvo. 

Vols.  L  and  II.— INORGANIC  CHEMISTRY. 

Vol.  I. — The  Non-Metallic  Elements.  Second  Edition,  revised. 
2is,  Vol.  II.  Part  I.—Metals.  i8j.  Vol.  II.  Part  II.— Metals. 
i8j. 

Vol.  IIL— ORGANIC  CHEMISTRY. 

THE  CHEMISTRY  OF  THE  HYDROCARBONS  and  their 
Derivatives,  or  ORGANIC  CHEMISTRY,  With  numerous 
Illustrations.  Five  Parts.  Parts  I.,  IL,  and  IV.  21s.  each. 
Part  XII.     1 8 J.     Part  V,  [Immediately. 
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Thorpe.— A  SERIES  OF  CHEMICAL  PROBLEMS,  prepared 
with  Special  Reference  to  Sir  IL  E.  Roscoe's  Lessons  in  Elemen- 
tary Chemistry,  by  T.  E.  Thorpe,  Ph.D.,  F.R.S.,  Professor  of 
Chemistry  in  the  Normal  School  of  Science,  South  Kensington, 
adapted  for  the  Preparation  of  Students  for  the  Government, 
Science,  and  Society  of  Arts  Examinations.  With  a  Preface  by  Sir 
Henry  E.  RoscoE,  F.R.S.    New  Edition,  with  Key.    i8mo.    2s. 

Thorpe  and  Rucker.— a  TREATISE  ON  CHEMICAL 
PHYSICS.  By  T.  E.  Thorpe,  Ph.D.,  F.R.S.  Professor  of 
Chemistry  in  the  Normal  School  of  Science,  and  Professor  A.  W. 
RiJCKER.    Illustrated.     8vo.  \_In  preparation. 

Wright.— METALS  AND  THEIR  CHIEF  INDUSTRIAL 
APPLICATIONS.  By  C.  Alder  Wright,  D.Sc,  &c., 
Lecturer  on  Chemistry  in  St.  Mary's  Hospital  Medical  School. 
Extra  fcap,  8vo.     3^.  6df. 


BIOLOGY. 

Allen.— ON  THE  COLOUR  OF  FLOWERS,  as  Illustrated  in 
the  British  Flora.  By  GRANT  Allen.  With  Illustrations. 
Crown  8 vo.    2^.6d.     {Nature  Series.) 

Balfour.- A  TREATISE  ON  COMPARATIVE  EMBRY- 
OLOGY.  By  F.  M.  Balfour,  M.A.,  F.R.S.,  Fellow  and 
Lecturer  of  Trinity  College,  Cambridge.  With  Illustrations. 
Second  Edition,  reprinted  without  alteration  from  the  First 
Edition.     In  2  vols.     8vo.     Vol.  I.  i8j.     Vol.  II.  2is. 

Balfour    and    Ward.— a  general  text  book  of 

BOTANY.  By  Isaac  Bayley  Balfour,  F.R.S.,  Professor  of 
Botany  in  the  University  of  Edinburgh,  and  H.  Marshall  Ward, 
F.R.S.,  Fellow  of  Christ's  College,  Cambridge,  and  Professor  of 
Botany  in  the  Royal  Indian  Engineering  College,  Cooper's  Hill. 
8vo.  [In  preparation. 

Bettany.— FIRST  LESSONS  IN  PRACTICAL  BOTANY. 
By  G.  T.  Bettany,  M.A.,  F.L.S.,  formerly  Lecturer  in  Botany 
at  Guy's  Hospital  Medical  School.     i8mo.     is. 

Bower.— A  COURSE  OF  PRACTICAL  INSTRUCTION  IN 
BOTANY.  By  F.  O.  Bower,  D.Sc,  F.L.S.,  Regius  Professor 
of  Botany  in  the  University  of  Glasgow.  Crown  8vo.  Part  I. 
Second  Edition,  revised  and  enlarged-  Phanerogamae — Pterido- 
phyta.  6s.  6d.  Part  II.  Bryophyta — Thallophyta.  ^r.  6d.  Or 
both  Parts  in  one  volume,  ioj.  6d. 

Darwin  (Charles). — memorial  NOTICES  ofcharles 
DARWIN,  F.R.S.,  &c.  By  Thomas  Henry  Huxley,  F.R.S., 
G.  J.  Romanes,  F.R.S.,  Archibald  Geikie,  F.R.S.,  and 
W.  T.  Thiselton  Dyer,  F.R.S.  Reprinted  from  Nature. 
With  a  Portrait,  engraved  by  C.  H.  Jeens.  Crown  8vo. 
2s,  dd.     {Nature  Series.) 
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Fearnley. — a  MANUAL  OF  ELEMENTARY  PRACTICAL 
HISTOLOGY.  By  William  Fearnley.  With  lUustrations. 
Crown  8vo.  'js.  6d. 

Flower  and  Gadow. — an  introduction  TO  THE 
OSTEOLOGY  OF  THE  MAMMALIA.  By  William  Henry 
Flower,  LL.D.,  F.R.S.,  Director  of  the  Natural  History  De- 
partments of  the  British  Museum,  late  Hunterian  Professor  of  Com- 
parative Anatomy  and  Physiology  in  the  Royal  College  of  Surgeons 
of  England.  With  numerous  Illustrations.  Third  Edition.  Re- 
vised with  the  assistance  of  Hans  Gadow,  Ph.D.,  M.  A.,  Lecturer 
on  the  Advanced  Morphology  of  Vertebrates  and  Strickland 
Curator  in  the  University  of  Cambridge.  Crown  8vo.  lOj.  6ci. 
Foster. — Works  by  Michael  Foster,  M.D.,  Sec.  R.S.,  Professor 
of  Physiology  in  the  University  of  Cambridge. 

PRIMER  OF  PHYSIOLOGY.  With  numerous  lUustrations. 
New  Edition.     i8mo.     is. 

A  TEXT-BOOK  OF  PHYSIOLOGY.  With  Illustrations.  Fifth 
Edition,  largely  revised.  In  Three  Parts.  Part  L,  comprising 
Book  I.  Blood — The  Tissues  of  Movement,  The  Vascular 
Mechanism,     los,  6d. 

Parts  II.  and  III.  are  in  the  press  preparing  for  early  publication. 

Foster  and  Balfour.— the  elements  of  embry- 
ology. By  Michael  Foster,  M.A.,  M.D.,  LL.D.,  Sec.  R.S., 
Professor  of  Physiology  in  the  University  of  Cambridge,  Fellow 
of  Trinity  College,  Cambridge,  and  the  late  Francis  M.  Balfour, 
M.A.,  LL.D.,  F.R.S.,  Fellow  of  Trinity  CoUege,  Cambridge, 
and  Professor  of  Animal  Morphology  in  the  University.  Second 
Edition,  revised.  Edited  by  Adam  Sedgwick,  M.A.,  Fellow 
and  Assistant  Lecturer  of  Trinity  College,  Cambridge,  and  Walter 
Heape,  Demonstrator  in  the  Morphological  Laboratory  of  the 
University  of  Cambridge.  With  Illustrations.  Crown  8vo.  los.  6d, 

Foster  and  Langley. — a  COURSE  OF  ELEMENTARY 
PRACTICAL  PHYSIOLOGY.  By  Prof.  Michael  Foster, 
M.D.,  Sec.  R.S.,  &c.,  and  J.  N.  Langley,  M.A.,  F.R.S.,  FeUow 
of  Trinity  College,  Cambridge.   Fifth  Edition.    Crown  8vo.  ^s.  6d. 

Gamgee.— A  TEXT-BOOK   OF    the  physiological 

CHEMISTRY  OF  THE  ANIMAL  BODY.  Including  an 
Account  of  the  Chemical  Changes  occurring  in  Disease.  By  A. 
Gamgee,  M.D.,  F.R.S.,  formerly  Professor  of  Physiology  in  the 
Victoria  University  the  Owens  College,  Manchester.  2  Vols.  8vo. 
With  Illustrations.     Vol.1.     i8x.  [Vol,  II.  in  the  press. 

Gray.— STRUCTURAL  botany,  or  organography 

ON  THE  BASIS  OF  MORPHOLOGY.  T«  which  are  added 
the  principles  of  Taxonomy  and  Phytography,  and  a  Glossary  of 
Botanical  Terms.     By  Professor  AsA  Gray,  LL.  D.     8vo.    los.  6d. 

Hamilton. — a  practical  text-book  of  patho- 
logy. By  D.  J.  Hamilton,  Professor  of  Pathological  Anatomy 
(Sir  Erasmus  Wilson  Chair),  University  of  Aberdeen.  Illustrated. 
8vo.  [Intheprtss. 
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Hooker. — Works  by  Sir  J.  D.  Hooker,  K.C.S.I.,  C.B.,  M.D., 

F.R.S.,  D.C.L. 
PRIMER  OF  BOTANY.      With  numerous   Illustrations.      New 

Edition.     l8mo.     is.     {Science  Primers.) 
THE  STUDENT'S   FLORA  OF  THE  BRITISH  ISLANDS. 

Third  Edition,  revised.     Globe  8vo.     los.  6d. 
Howes. — AN    ATLAS     OF    PRACTICAL    ELEMENTARY 

BIOLOGY.     By  G.   B.   Howes,  Assistant  Professor  of  Zoolo^^y, 

Normal  School  of  Science  and  Royal  School  of  Mines.     With  a 

Preface  by  Thomas  Henry  Huxley,  F.R.S.  Royal  4to.  14J. 
Huxley. — Works  by  Thomas  Henry  Huxley,  F.R.S. 
INTRODUCTORY    PRIMER    OF    SCIENCE.       i8mo.       is, 

(Science  Primers.) 
LESSONS  IN  ELEMENTARY  PHYSIOLOGY.  With  numerous 

Illustrations.     New  Edition  Revised.     Fcap.  8vo.     4_r.  6d. 
QUESTIONS  ON  HUXLEY'S  PHYSIOLOGY  FOR  SCHOOLS. 

By  T.  AlCock,  M.D.     New  Edition.     i8mo.     is,  6d. 

Huxley  and  Martin.— a  COURSE  OF  PRACTICAL  IN- 
STRUCTION IN  ELEMENTARY  BIOLOGY.  By  T.  H. 
Huxley,  F.R.S. ,  LL.D.,  assisted  by  H.  N.  Martin,  M.A., 
M.B.,  D.Sc,  F.R.S.,  Fellow  of  Christ's  College,  Cambridge. 
New  Edition,  revised  and  extended  by  G.  B.  Howes,  Assistant 
Professor  of  Zoology,  Normal  School  of  Science,  and  Royal  School 
of  Mines,  and  D.  H.  Scott,  M.A.,  Ph.D.,  Assistant  Professor  of 
Botany,  Normal  School  of  Science,  and  Royal  School  of  Mines. 
New  Edition,  thoroughly  revised.  With  a  Preface  by  T.  H. 
Huxley,  F.R.S.     Crown  Svo.     los.  6d. 

Kane. — EUROPEAN  BUTTERFLIES,  A  HANDBOOK  OF. 
By  W.  F.  DeVismes  Kane,  M.A.,  M.R.LA.,  Member  of  the 
Entomological  Society  of  London,  &c.  With  Copper  Plate  Illustra- 
tions. Crown  8vo.  los.  6d. 
A  LIST  OF  EUROPEAN  RHOPALOCERA  WITH  THEIR 
VARIETIES  AND  PRINCIPAL  SYNONYMS.  Reprinted 
from  the  Handbook  of  European  Butterflies .     Crown  8vo.     is. 

Klein.— MICRO-ORGANISMS  AND  DISEASE.  An  Intro- 
duction  into  the  Study  of  Specific  Micro-Organisms.  By  E. 
Klein,  M.D.,  F.R.S,,  Lecturer  on  General  Anatomy  and  Physio- 
logy in  the  Medical  School  of  St.  Bartholomew's  Hospital,  London. 
With  121  Illustrations.  Third  Edition,  Revised.  Crown  Svo.  ds. 
THE  BACTERIA  IN  ASIATIC  CHOLERA.  By  the  Same. 
Crown  8vo.       .  \In  preparation. 

Lankester. — Works  by  Professor  E.  Ray  Lankester,  F.R.S. 
A  TEXT  BOOK  OF  ZOOLOGY.     Svo.  ^In  preparation. 

DEGENERATION  :   A  CHAPTER  IN  DARWINISM.     Illus- 
trated.    Crown  Svo.     2J.  6^.     {Nature  Series.) 

Lubbock. — Works  by  SiR  John  Lubbock,  M.P.,  F.R.S.,  D.C.L. 
THE    ORIGIN    AND    METAMORPHOSES    OF    INSECTS. 
With  numerous  Illustrations.     New  Edition.    Crown  Svo.    3^.  6</. 
{Nature  Series.) 
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Lubbock — continued. 
ON    BRITISH    WILD    FLOWERS   CONSIDERED    IN    RE- 
LATION  TO  INSECTS.     With  numerous  Illustrations.     New 
Edition.     Crown  8vo.     4-?.  dd.     {Nature  Series. ) 
FLOWERS,    FRUITS,    AND    LEAVES.      With   Illustrations. 
Second  Edition.     Crown  8vo.     4^.  6d.     {Nature  Series.) 

Martin  and  Moale.—ON  THE  dissection  OF  VERTE- 
BRATE ANIMALS.  By  Professor  H.  N.  Martin  and  W.  A. 
MOALE.     Crown  8vo.  [In  preparation. 

Mivart. — Works  by  St.  George  Mivart,   F.R.S.,   Lecturer  on 
Comparative  Anatomy  at  St.  Mary's  Hospital. 
LESSONS  IN  ELEMENTARY  ANATOMY.     With  upwards  of 

400  Illustrations.     Fcap.  Svo.     6s.  6d. 
THE  COMMON  FROG.  Illustrated.  Cr.Svo.  3^  6d.  {Nature  Senes.) 
Miiller. — the  FERTILISATION    OF   FLOWERS.     By  Pro- 
fessor  Hermann  Muller.     Translated  and  Edited  by  D'Arcy 
W.  Thompson,  B.A.,  Professor  of  Biology  in  University  College, 
Dundee.     With  a  Preface  by  Charles  Darwin,  F.R.S.     With 
numerous  Illustrations.     Medium  Svo.     21s. 
Oliver. — Works  by  Daniel  Oliver,   F.R.S.,   &c.,  Professor  of 
Botany  in  University  College,  London,  &c. 
FIRST  BOOK  OF  INDIAN  BOTANY.     With  numerous  Illus- 
trations.    Extra  fcap.  Svo.     6s.  6d. 
LESSONS   IN    ELEMENTARY  BOTANY.      With  nearly  200 
Illustrations.     New  Edition.     Fcap.  Svo.  4-5-.  6d. 
Parker. — a  COURSE    OF    INSTRUCTION   IN   ZOOTOMY 
(VERTEBRATA).     By  T.  Jeffrey  Parker,  B.Sc.  London, 
Professor  of  Biology  in  the  University  of  Otago,  New  Zealand. 
With  Illustrations.     Crown  Svo.     ?>s.  6d. 
LESSONS  IN  ELEMENTARY  BIOLOGY.  By  the  same  Author. 
With  Illustrations.     Svo.  [In  the  press. 

Parker  and  Bettany.— the  MORPHOLOGY  OF  THE 

SKULL.  By  Professor  W.  K.  Parker,  F.R.S.,  and  G.  T. 
Bettany.     Illustrated.     Crown  Svo.     los.  6d. 

Romanes. — the  scientific  evidences  of  organic 

EVOLUTION.  By  George  J.  Romanes,  M.A.,  LL.D., 
F.R.S.,  Zoological  Secretary  of  the  Linnean  Society.  Crown 
Svo.     2s.  6d.     {Nature  Series.) 

Sedgwick.— A  supplement   to   f.   m.    balfour'S 

TREATISE  on  EMBRYOLOGY.  By  Adam  Sedgwick, 
M.A.,  F.R.S.,  Fellow  and  Lecturer  of  Trinity  College,  Cambridge. 
Svo.     Illustrated.  .[In  preparation. 

Smith  (W.  G.).— DISEASES  OF  FIELD  AND  GARDEN 
CROPS,  CHIEFLY  SUCH  AS  ARE  CAUSED  BY  FUNGI. 
By  Worthington  G.  Smith,  F.L.S.,  M.A.I.,  Member  of  the 
Scientific  Committee  R.H.S.  With  143  New  Illustrations  drawn 
and  engraved  from  Nature  by  the  Author.     Fcap.  Svo.     4s.  6d. 
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Stewart — Corry. — a  flora  of  the  north-east  of 

IRELAND.  Including  the  Phanerogamia,  the  Cryptogamia 
Vascularia,  and  the  Muscinese.  By  Samuel  Alexander 
Stewart,  Fellow  of  the  Botanical  Society  of  Edinburgh,  Curator 
©f  the  Collections  in  the  Belfast  Museum,  and  Honorary  Associate 
ef  the  Belfast  Natural  History  and  Philosophical  Society ;  and  the 
late  Thomas  Hughes  Cokry,  M.A.,  F.L.S.,  F.Z.S.,  M.R.LA., 
F.B.S.  Edin.,  Lecturer  on  Botany  in  the  University  Medical  and 
Science  Schools,  Cambridge,  Assistant  Curator  of  the  University 
Herbarium,  &c. ,  &c.  Crown  8vo.  5s.  6d. 
Ward.— TIMBER  AND  ITS  DISEASES.  By  H.  Marshall 
Ward,  F.  R.  S.  ,  Professor  of  Botany  in  the  Royal  Indian  Engineer- 
ing College,  Cooper's  Hill.     Illustrated.    Crown  8vo. 

[In  preparation, 

Wiedersheim  (Prof.).— elements  OF  the  com- 
parative ANATOMY  OF  VERTEBRATES.  Adapted 
from  the  German  of  Robert  Wiedersheim,  Professor  of  Ana- 
tomy, and  Director  of  the  Institute  of  Human  and  Comparative 
Anatomy  in  the  University  of  Freiburg-in-Baden,  by  W. 
Newton  Parker,  Professor  of  Biology  in  the  University  College 
of  South  Wales  and  Monmouthshire.  With  Additions  by  the 
Author  and  Translator.  With  Two  Hundred  and  Seventy  Wood- 
cuts.    Medium  8vo.     12s.  6d. 


MEDICINE. 

Brunton. — Works  by  T.  Lauder  Brunton,  M.D.,  D.Sc, 
F.R.C.P.,  F.R.S.,  Assistant  Physician  and  Lecturer  on  Materia 
Medica  at  St.  Bartholomew's  Hospital ;  Examiner  in  Materia 
Medica  in  the  University  of  London,  in  the  Victoria  University, 
and  in  the  Royal  College  of  Physicians,  London ;  late  Examiner 
in  the  University  of  Edinburgh. 

A  TEXT-BOOK  OF  PHARMACOLOGY,  THERAPEUTICS, 
AND  MATERIA  MEDICA.  Adapted  to  the  United  States 
Pharmacopoeia,  by  Francis  H.  Williams,  M.D.,  Boston,  Mass. 
Third  Edition.  Adapted  to  the  New  British  Pharmacopoeia,  1885. 
Medium  8vo.     21s. 

TABLES  OF  MATERIA  MEDICA  :  A  Companion  to  the  Materia 
Medica  Museum.  With  Illustrations.  New  Edition  Enlarged. 
8vo.     lOJ.  6d. 

Griffiths. — LESSONS  ON  PRESCRIPTIONS  AND  THE 
ART  OF  PRESCRIBING.  By  W.  Handsel  Griffiths, 
Ph.  D.  ,  L.  R.  C.  p.  E.  New  Edition.  Adapted  to  the  Pharmacopoeia, 
1885.     i8mo.     3j.  6d. 

Hamilton. — a  TEXT-BOOK  OF  PATHOLOGY.  By  D.  J. 
Hamilton,  Professor  of  Pathological  Anatomy  (Sir  Erasmus 
Wilson  Chair)  University  of  Aberdeen.    With  Illustrations.     8vo. 

\In  tJuprus, 
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Klein.— MICRO-ORGANISMS  AND  DISEASE.  An  Intro- 
duction into  the  Study  of  Specific  Micro- Organisms.  By  E. 
Klein,  M.D.,  F.R.S.,  Lecturer  on  General  Anatomy  and  Physio- 
logy in  the  Medical  School  of  St.  Bartholomew's  Hospital,  London. 
With  121  Illustrations.  Third  Edition,  Revised.  Crown  8vo.  6s. 
THE  BACTERIA  IN  ASIATIC  CHOLERA.  By  the  Same 
Author.     Crown  8vo.  [/« preparation. 

Ziegler-Macalister. — text-BOOK  OF  PATHOLOGICAL 

ANATOMY  AND  PATHOGENESIS.  By  Professor  Ernst 
ZiEGLER  of  Tiibingen.  Translated  and  Edited  for  English 
Students  by  Donald  Macalister,  M.A.,M.D.,  B.Sc.,F.R.C.P., 
Fellow  and  Medical  Lecturer  of  St.  John's  College,  Cambridge, 
Physician  to  Addenbrooke's  Hospital,  and  Teacher  of  Medicine  in 
the  University.     With  numerous  Illustrations.    Medium  8vo. 

Part  I.— GENERAL  PATHOLOGICAL  ANATOMY.  Second 
Edition.     \2s.  dd. 

Part  II.— SPECIAL  PATHOLOGICAL  ANATOMY.  Sections 
L— VIII.    Second  Edition,    iis.dd.  Sections  IX.— XIL     \2s.6d. 


ANTHROPOLOGY. 

Flower. — FASHION  IN  DEFORMITY,  as  Illustrated  in  the 
Customs  of  Barbarous  and  Civilised  Races.  By  Professor 
Flower,  F.R.S.,  F.R.C.S.  With  Illustrations.  Crown  Svo. 
2 J.  6d.     {Nature  Series,) 

Tylor. — ANTHROPOLOGY.  An  Introduction  to  the  Study  of 
Man  and  Civilisation.  ByE.  B.  Tylor,  D.C.L.,  F.R.S.  With 
numerous  Illustrations.     Crown  Svo.     'js.  6d. 


PHYSICAL  GEOGRAPHY  &  GEOLOGY. 

Blanford.— THE  RUDIMENTS  OF  PHYSICAL  GEOGRA- 
PHY  FOR  THE  USE  OF  INDIAN  SCHOOLS  ;  with  a 
Glossary  of  Technical  Terms  employed.  By  H.  F.  Blanford, 
F.R.S.  New  Edition,  with  Illustrations.  Globe  Svo.  2s.  6d. 
Geikie. — Works  by  Archibald  Geikie,  LL.D.,  F.R.S.,  Director 
General  of  the  Geological  Survey  of  Great  Britain  and  Ireland,  and 
Director  of  the  Museum  of  Practical  Geoloc^y,  London,  formerly 
Murchison  Professor  of  Geology  and  Mineralogy  in  the  University 
of  Edinburgh,  &c. 

PRIMER  OF  PHYSICAL  GEOGRAPHY.  With  numerous 
Illustrations.  New  Edition.  With  Questions.  iSmo.  is. 
{Science  Primers.) 

ELEMENTARY  LESSONS  IN  PHYSICAL  GEOGRAPHY. 
With  numerous  Illustrations.  •  New  Edition.  Fcap.  Svo.  4/.  6d, 
QUESTIONS  ON  THE  SAME.     is.  6d. 

PRIMER  OF  GEOLOGY.  With  numerous  Illustrations.  New 
Edition.     iJfmo.     is.     {Seitrue  Primers.) 
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Geiki  e — continued. 
CLASS   BOOK   OF   GEOLOGY.      With  upwards  of  200  New 

Illustrations.     Crown  8vo.     loj.  6d. 
TEXT-BOOK  OF    GEOLOGY.       With   numerous   Illustrations. 
Second  Edition,  Sixth  Thousand,  Revised  and  Enlarged.  8vo.  28j. 
OUTLINES  OF  FIELD  GEOLOGY.     With  Illustrations.     New 

Edition.     Extra  fcap.  8vo.     3^.  dd. 
THE      SCENERY     AND      GEOLOGY     OF      SCOTLAND, 
VIEWED     IN     CONNEXION     WITH     ITS     PHYSICAL 
GEOLOGY.    With  numerous  Illustrations.    Crown  Svo.     12s.  6d. 
(See  also  under  Geography.) 

Huxley.— -PHYSIOGRAPHY.  An  Introduction  to  the  Study 
of  Nature.  By  Thomas  Henry  Huxley,  F.R.S.  With 
numerous  Illustrations,  and  Coloured  Plates.  New  and  Cheaper 
Edition.     Crown  Svo.     6s. 

Lockyer. — OUTLINES  OF  PHYSIOGRAPHY— THE  MOVE- 
MENTS OF  THE  EARTH.  By  J.  Norman  Lockyer,  F.R.S., 
Correspondent  of  the  Institute  of  France,  Foreign  Member  of 
the  Academy  of  the  Lyncei  of  Rome,  &c.,  &c.  ;  Professor  of 
Astronomical  Physics  in  the  Normal  School  of  Science,  and 
Examiner  in  Physiography  for  the  Science  and  Art  Department. 
With  Illustrations.     Crown  Svo.     Sewed,  is.  6d. 

Phillips.— A  TREATISE  ON  ORE  DEPOSITS.  By  J.  Arthur 
Phillips,  F.R.S.,  V.P.G.S.,  F.C.S.,  M.Inst.C.E.,  Ancien  Eleve 
de  rficole  des  Mines,  Paris  ;  Author  of  *'  A  Manual  of  Metallurgy," 
"The  Mining  and  Metallurgy  of  Gold  and  Silver,"  &c  With 
numerous  Illustrations.     Svo.     25^. 

AGRICULTURE. 

Frankland.— AGRICULTURAL  chemical  analysis, 

A  Handbook  of  By  Percy  Faraday  Frankland,  Ph.D., 
B.Sc,  F.C.S.,  Associate  of  the  Royal  School  of  Mines,  and 
Demonstrator  of  Practical  and  Agricultural  Chemistry  in  the 
Normal  School  of  Science  and  Royal  School  of  Mines,  South 
Kensington  Museum,  Founded  upon  Leitfaden  fiir  die  Agriculture 
Chemiche  Analyse^  von  Dr.  F.  Krocker.     Crown  Svo.     'js.  6d. 

Smith  (^A^orthington  G.). — DISEASES  OF  field  and 

GARDEN  CROPS,  CHIEFLY  SUCH  AS  ARE  CAUSED  BY 
FUNGL  By  Worthington  G.  Smith,  F.L.S.,  M.A.L, 
Member  of  the  Scientific  Committee  of  the  R.H.S.  With  143 
Illustrations,  drawn  and  engraved  from  Nature  by  the  Author. 
Fcap.  Svo.  4J.  6d. 
Tanner. — Works  by  Henry  Tanner,  F.C.S.,  M.R.A.C, 
Examiner  in  the  Principles  of  Agriculture  under  the  Government 
Department  of  Science  ;  Director  of  Education  in  the  Institute  of 
Agriculture,  South  Kensington,  London ;  sometime  Professor  of 
Agricultural  Science,  University  College,  Aberystwith. 
ELEMENTARY  LESSONS  IN  THE  SCIENCE  OF  AGRI- 
CULTURAL PRACTICE.     Fcap.  Svo.     3^.  6d. 
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Tanner — continued. 
FIRST  PRINCIPLES  OF  AGRICULTURE.     i8mo.     \s, 
THE  PRINCIPLES  OF  AGRICULTURE.   A  Scries  of  Reading 
Books  for  use  in    Elementary   Schools.      Prepared  by  Henry 
Tanner,  F.C.S.,  M.R.A.C.     Extra  fcap.  8vo. 

I.  The  Alphabet  of  the  Principles  of  Agriculture.     ()d. 
II.  Further  Steps  in  the  Principles  of  Agriculture.     \s. 
III.  Elementary  School  Readings  on  the  Principles  of  Agriculture 
for  the  third  stage.     \s. 

POLITICAL  ECONOMY. 

Cairnes.— THE  CHARACTER  AND  LOGICAL  METHOD 
OF  POLITICAL  ECONOMY.  By  J.  E.  Cairnes,  LL.D., 
Emeritus  Professor  of  Political  Economy  in  University  College, 
London.     New  Edition.     Crown  8vo.     6s. 

Cossa.— GUIDE  TO  THE  STUDY  OF  POLITICAL 
ECONOMY.  By  Dr.  Luigi  Cossa,  Professor  in  the  University 
of  Pavia.  Translated  from  the  Second  Italian  Edition.  With  a 
Preface  by  W.  Stanley  Jevons,  F.R.S.     Crown  Svo.     4J.  6</. 

Fawcett  (Mrs.).— Works  by  MiLLiCENT  Garrett  Fawcett:— 
POLITICAL  ECONOMY  FOR  BEGINNERS,  WITH  QUES- 
TIONS.    Fourth  Edition.     iSmo.     7.s.  6d. 
TALES  IN  POLITICAL  ECONOMY.     Crown  8vo.     zs. 

Fawcett.— A  manual  of  political  economy.    By 

Right  Hon.  Henry  Fawcett,  F.R.S.     Sixth  Edition,  revised, 
with    a   chapter  on   "State    Socialism   and   the  Nationalisation 
of  the  Land,"  and  an  Index.     Crown  Svo.     I2j. 
AN  EXPLANATORY  DIGEST  of  the  above.     By  Cyril  A. 
Waters,  B.  A.     Crown  Svo.     2s.  6d. 

Gunton. — wealth  and  progress  .-  a  critical  ex- 
amination OF  THE  WAGES  QUESTION  AND  ITS 
ECONOMIC  RELATION  TO  SOCIAL  REFORM.  By 
George  Gunton.     Crown  8vo.     6s. 

Jevons. — Works  by  W.  Stanley  Jevons,  LL.D.  (Edinb.),  M.A. 

(Lond.),  F.R.S.,  late  Professor  of  Political  Economy  in  University 

College,  London,  Examiner  in  Mental  and  Moral  Science  in  the 

University  of  London. 

PRIMER  OF  POLITICAL  ECONOMY.     New  Edition.     i8mo. 

is.     {Scunce  Primers.) 
THE  THEORY  OF  POLITICAL  ECONOMY.     Third  Edition. 
Revised.     Demy  8vo.     los.  6d. 

Marshall. — the  ECONOMICS  OF  INDUSTRY.  By  A. 
Marshall,  M.A.,  Professor  of  Political  Economy  in  the  Uni- 
versity of  Cambridge,  and  Mary  P.  Marshall,  late  Lecturer  at 
Newnham  Hall,  Cambridge.     Extra  fcap.  8vo.     2s.  6d. 

Marshall. — ECONOMICS.  By  Alfred  Marshall,  M.A., 
Professor  of  Political  Economy  in  the  University  of  Cambridge. 
2  vols      Svo.  [/«  //^^  />ress. 
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Sidgwick. — THE  PRINCIPLES  of  POLITICAL  ECONOMY. 
By  Professor  Henry  Sidgwick,  M.A.,  LL.D.,  Knightbridge 
Professor  of  Moral  Philosophy  in  the  University  of  Cambridge, 
&c..  Author  of  "The  Methods  of  Ethics."  Second  Edition, 
revised.     8vo.     l6s. 

Walker. — Works  by  Francis  A.  Walker,  M.A.,  Ph.D.,  Author 
of  **  Money,"  *'  Money  in  its  Relation  to  Trade,"  &c. 

POLITICAL  ECONOiMY.  Second  Edition,  revised  and  enlarged. 
8vo.     I2J.  6d. 

A  BRIEF  TEXT-BOOK  OF  POLITICAL  ECONOMY. 
Crown  8vo.     6s.  6d. 

THE  WAGES  QUESTION.     Svo.     i^r. 

Wicksteed. — ALPHABET  OF  ECONOMIC  SCIENCE.  By 
Philip  H.  Wicksteed,  M.A.     Globe  Svo.  [Just  ready. 


MENTAL  &  MORAL  PHILOSOPHY. 

Boole.— THE  MATHEMATICAL  ANALYSIS  OF  LOGIC. 
Being  an  Essay  towards  a  Calculus  of  Deductive  Reasoning.  By 
George  Boole.    Svo.    Sewed.    5^. 

Calderwood.— -HANDBOOK  OF  MORAL  PHILOSOPHY. 
By  the  Rev.  Henry  Calderwood,  LL.D.,  Professor  of  Moral 
Philosophy,  University  of  Edinburgh.  Fourteenth  Edition,  largely 
rewritten.     Crown  Svo.  6s. 

Clifford.— SEEING  AND  THINKING.  By  the  late  Professor 
W.  K.  Clifford,  F.R.S.  With  Diagrams.  Crown  Svo.  3^.  6d, 
{Nature  Series.) 

Jardine.— THE  elements  of  the  psychology  of 

COGNITION.  By  the  Rev.  Robert  Jardine,  B.D.,  D.Sc. 
(Edin.),  Ex-Principal  of  the  General  Assembly's  College,  Calcutta. 
Third  Edition,  revised  and  improved.     Crown  Svo.     6^.  6d. 

Jevons. — Works  by  the  late  W.  Stanley  Jevons,  LLD.,  M.A., 
F.R.S. 
PRIMER  OF  LOGIC.   New  Edition.    iSmo.    is.    {Science  Primers.) 

ELEMENTARY  LESSONS  IN  LOGIC  ;  Deductive  and  Indue- 
tive,  with  copious  Questions  and  Examples,  and  a  Vocabulary  of 
Logical  Terms.     New  Edition.     Fcap.  Svo.     3J.  6d. 

THE  PRINCIPLES  OF  SCIENCE.  A  Treatise  on  Logic  and 
Scientific  Method.  New  and  Revised  Edition.   Crown  Svo.   12s.  6d. 

STUDIES  IN  DEDUCTIVE  LOGIC.  Second  Edition.  Cr.  Svo.  6s. 

Keynes. — formal  logic,  studies  and  Exercises  in.  Including 
a  Generalisation  of  Logical  Proces<?es  in  their  application  to 
Complex  Inferences.  By  John  Neville  Kkynes,  M.A.,  late 
Fellow  of  Pembroke  College,  Cambridge.  Second  Edition, 
Revised  and  Enlarged.     Crown  Svo.     loj.  6d. 
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Kant— Max  Miiller. — CRITIQUE  OF  PURE   REASON. 

By  Immanuel  Kant.     In  commemoration  of  the  Centenary  of 

its  first  Publication.    Translated  into  English  by  F.  Max  Muller. 

With  an  Historical  Introduction  by  Ludwiq  Noire.     3  volsf 

8vo.     1 6s.  each. 

Volume    I.     HISTORICAL    INTRODUCTION,    by    LuDWlG 

NoiRit:  ;  &c.,  &c. 

•  Volume  II.     CRITIQUE    OF   PURE    REASON,  translated  by 

F.  Max  Muller. 
For  the  convenience  of  students  these  volumes  are  now  sold  separately. 

Kant— MahafFy   and   Bernard. — COMMENTARY  ON 

KANT'S  CRITIQUE.  By  J.  P.  Mahaffy,  M.A.,  Professor  of 
Ancient  History  in  the  University  of  Dublin,  and  J.  H.  Bernard, 
M.A.    New  and  completed  Edition.    Crown  8vo.  \In  preparation. 

McCosh. — PSYCHOLOGY.     By  James  McCosh,  D.D.,  LL.D., 
Litt.D.   President  of  Princeton  College,  Author  of  "Intuitions  of 
the  Mind,"   "  Laws  of  Discursive  Thought,"   &c.     Crown  8vo. 
L  THE  COGNITIVE  POWERS.     6s.  6d. 
II.  THE  MOTIVE  POWERS.     Crown  8vo.     6s.  6d. 
Ray. — A  TEXT-BOOK  OF  DEDUCTIVE  LOGIC  FOR  THE 
USE  OF  STUDENTS.    By  P.  K.  Ray,  D.Sc.  (Lon.  and  Edin.), 
Professor  of  Logic  and  Philosophy,  Presidency  College   Calcutta. 
Fourth  Edition.     Globe  8vo.     4J.  6d. 
The  ScHOOLMASTSU  »ys  :— "Thi«  work  .  .  .  is  deservedly  taking  a  place  among 
the  recognised  text-books  on  Logic" 

Sidgwick. — Works  by  Henry  Sidgwick,  M.A.,  LL.D.,  Knight- 
bridge    Professor   of   Moral    Philosophy   in    the    University  o^ 
Cambridge. 
THE  METHODS  OF  ETHICS.     Third  Edition.     8vo.     14^.     A 
Supplement  to  the  Second  Edition,  containing  all  the  important. 
Additions  and  Alterations  in  the  Third  Edition.     Demy  8vo.     6s. 
OUTLINES  OF  THE    HISTORY    OF   ETHICS,  for  English 
Readers.     Second  Edition,  revised.     Crown  8vo.     y.  6d. 
Venn. — the  logic  of  chance.     An  Essay  on  the  Founda- 
tions and  Province  of  the  Theory  of  Probability,  with  special 
Reference  to  its  Logical  Bearings  and  its  Application  to  Moral  and 
Social  Science.     By  John  Venn,  M.A.,  Fellow  and  Lecturer  in 
Moral  Sciences  in  Gonville  and  Caius  College,  Cambridge,  Ex- 
aminer in  Moral  Philosophy  in  the  University  of  London.    Second 
Edition,  rewritten  and  greatly  enlarged.     Crown  8vo.     lOJ.  6d. 
SYMBOLIC  LOGIC.     By  the  same  Author.    Crown  8vo.    icw.  6d. 


GEOGRAPHY. 

Bartholomew.— THE  elementary  school  atlas. 

By  John  Bartholomew,  F.R.G.S.     is. 
Ihis  Elementary  Atlas  is  designed  to  illustrate  the  principal  text- 
books on  Elementary  Geography. 
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Clarke.— CLASS-BOOK  of  geography.    By  C.  B.  Clarke, 
M.A.,    F.L.S.,    F.G.S.,    F.R.S.     New  Edition,   with  Eighteen 
Coloured  Maps.     Fcap.  8vo.     31. 
Geikie. — Works  by  Archibald  Geikie,  F.R.S.,  Director-General 
of  the  Geological  Survey  of  the  United  Kingdom,  and  Director  of 
the    Museum   of    Practical    Geology,    Jermyn    Street,    London  ; 
formerly  Murchison  Professor  of  Geology  and  Mineralogy  in  the 
University  of  Edinburgh. 
THE  TEACHING  OF  GEOGRAPHY.     A  Practical  Handbook 
for  the  use  of  Teachers.     Crown  8vo.     2s.     Being  Volume  L  of  a 
New  Geographical  Series  Edited  by  Archibald  Geikie,  F.  R.  S. 
\*  The  aim  of  this  volume  is  to  advocate  the  claims  of  geography  as 
an  educational  discipline  of  a  high  order,  and  to  show  how  these 
claims  may  be  practically  recognised  by  teachers. 
AN     ELEMENTARY     GEOGRAPHY     OF    THE    BRITISH 
ISLES.     i8mo.     is. 
Green.  —  A    SHORT    GEOGRAPHY    OF    THE    BRITISH 
ISLANDS.    By  John  Richard  Green  and  Alice  Stopford 
Grken,      With  Maps.     Fcap.  8vo.     3^.  6d. 
Grove.— A    PRIMER    OF    GEOGRAPHY.       By   Sir  George 
Grove,  D.C.L.    With  Illustrations.    i8mo.   u.   {Science  Primers.) 
Hughes. — MAPS  AND  MAP  MAKING.    By  Alfred  Hughes, 
M.A.,  late  Scholar  of  Corpus  Christi  College,  Oxford,*  Assistant 
Master  at  Manchester  Grammar  School.     Crown  8vo. 

[In  the  press, 
Kiepert. — a  MANUAL  OF  ANCIENT  GEOGRAPHY.     From 

the  German  of  Dr.  H.  Kiepert.     Crown  8vo.     5J. 
Macmillan's  Geographical  Series.  Edited  by  Archibald 
Geikie,  F.R.S.,  Director-General  of  the  Geological  Survey  of  the 
United  Kingdom. 
The  following  List  of  Volumes  is  contemplated  : — 
THE  TEACHING  OF  GEOGRAPHY.     A  Practical  Handbook 
for  the    use  of   Teachers.     By    Archibald    Geikie,    F.R.S., 
Director-General  of  the  Geological  Survey  of  the  United  Kingdom, 
and  Director  of  the  Museum  of  Practical  Geology,  Jermyn  Street, 
London  ;  formerly  Murchison  Professor  of  Geology  and  Mineralogy 
in  the  University  of  Edinburgh.     Crown  8vo.     2s. 
*^*  The  aim  of  this  volume  is  to  advocate  the  claims  of  geography 
as  an  educational  discipline  of  a  high  order,  and  to  show  how 
these  claims  may  be  practically  recognized  by  teachers. 
AN    ELEMENTARY     GEOGRAPHY    OF    THE    BRITISH 

ISLES.     By  Archibald  Geikie,  F.R.S.     i8mo.     is, 

THE   ELEMENTARY  SCHOOL  ATLAS.     With  24  Maps  in 

Colours,  specially  designed  to  illustrate  all  Elementary  Text-books 

of  Geogra^ihy.     By  John  Bartholomew.  F.R.G.S.     4to.     is. 

MAPS   AND   MAP  MAKING.     By  Alfred  Hughes,  M.A., 

late  Scholar  of  Corpus  Christi  College,  Oxford,  Assistant  Master 

at  Manchester  Grammar  School.     Crown  8vo.  [/«  the  press. 

AN  ELEMENTARY  GENERAL  GEOGRAPHY.  By  Hugh 

Robert  Mill,  D.Sg.  Edin.     Crown  8vo.  [In  the  press. 
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A  GEOGRAPHY  OF  THE  BRITISH  COLONIES. 

A  GEOGRAPHY  OF  EUROPE.     By  James  Sime,  M.A. 

[In  preparation. 
A  GEOGRAPHY  OF  AMERICA. 
A  GEOGRAPHY  OF  ASIA. 
A  GEOGRAPHY  OF  AFRICA. 
A    GEOGRAPHY    OF    THE    OCEANS    AND     OCEANIC 

ISLANDS. 
ADVANCED    CLASS-BOOK    OF    THE   GEOGRAPHY   OF 

BRITAIN. 
GEOGRAPHY  OF  AUSTRALIA  AND  NEW  ZEALAND. 
GEOGRAPHY  OF  BRITISH  NORTH  AMERICA. 
GEOGRAPHY  OF  INDIA. 
GEOGRAPHY  OF  THE  UNITED  STATES 
ADVANCED    CLASS-BOOK    OF   THE    GEOGRAPHY    OF 

EUROPE. 

Mill. — AN  ELEMENTARY  GENERAL  GEOGRAPHY.  By 
Hugh  Robert  Mill,  D.Sc.  Edin.     Crown  8vo.       \In  the  press. 

Sime.— A  GEOGRAPHY  OF  EUROPE.     By  James  Sime,  M.A. 

[/«  preparation. 

Strachey.— LECTURES  ON  GEOGRAPHY.  By  General  R. 
Strachey,  R.E.,  C.S.I.,  President  of  the  Royal  Geographical 
Society,     Crown  8vo.     4-$-.  dd. 

HISTORY. 

Arnold  (T.).— the  SECOND  PUNIC  WAR.  Being  Chapters 
from  THE  HISTORY  OF  ROME.  By  Thomas  Arnold, 
D.D.  Edited,  with  Notes,  by  W.  T.  Arnold,  M.A.  With  8 
Maps.     Crown  8vo.     8j.  dd. 

Arnold  (W.  T.).— the  ROMAN  SYSTEM  of  PROVINCIAL 
ADMINISTRATION  TO  THE  ACCESSION  ofCONSTAN- 
TINE  THE  GREAT.  By  W.  T.  Arnold,  M.A.    Crown  8vo.  6j. 

"Ought    to   prove  a  valuable  handbook  to  the  student  of  Roman    history."— 
Guardian. 

Beesly.— STORIES    FROM    THE    HISTORY    OF    ROME. 

By  Mrs.  Beesly.     Fcap.  8vo.     2j.  6d. 
Bryce. — the  holy  ROMAN   EMPIRE.     By  James  Bryce, 

D.  C.  L. ,  Fellow  of  Oriel  College,  and  Regius  Professor  of  Civil  Law 

in  the  University  of  Oxford.    Eighth  Edition.    Crown  8vo.   7J.  6d. 
Buckland.— OUR  NATIONAL   INSTITUTIONS.      A    Short 

Sketch    for    Schools.     By  Anna   Buckland.     With   Glossary. 

iSmo.     \s. 
Buckley. — a  HISTORY  OF  ENGLAND  FOR  BEGINNERS. 

By  Arabella  B.    Buckley.     Author  of  "A  Short  History  of 

Natural  Science,"  &c.     With  Coloured  Maps,  Chronological  and 

Genealogical  Tables.     Globe  8vo.     3^. 
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Bury.— A  HISTORY  OF  THE  LATER  ROMAN  EMPIRE 
FROM  ARCADIUS  TO  IRENE,  a.d.  395-800.  By  John  B. 
Bury,  Fellow  of  Trinity:Coll.,  Dublin.  2  vols.  8vo.  [In  thg press 
Dicey.— LECTURES  INTRODUCTORY  TO  THE  STUDY 
OF  THE  LAW  OF  THE  CONSTITUTION.  By  A.  V.  Dicey, 
B.C.L.,  of  the  Inner  Temple,  Barrister-at-Law  ;  Vinerian  Professor 
of  English  Law ;  Fellow  of  All  Souls  College,  Oxford ;  Hon.  LL.D. 
Glasgow.  Second  Edition.  Demy  8vo.  12s.  6d, 
English  Statesmen,  Twelve. — a  Series  of  Short  Bio- 
graphies, not  designed  to  be  a  complete  roll  of  Famous  Statesmen, 
but  to  present  in  historic  order  the  lives  and  work  of  those  leading 
actors  in  our  affairs  who  by  their  direct  influence  have  left  an 
abiding  mark  on  the  policy,  the  institutions,  and  the  position  of 
Great  Britain  among  States. 
The  following  list  of  subjects  is  the  result  of  careful  selection.  The 
great  movements  of  national  history  are  made  to  follow  one 
another  in  a  connected  course,  and  the  series  is  intended  to  form  a 
continuous  narrative  of  English  freedom,  order,  and  power.  The 
volumes  as  follow,  Crown  8vo,  2s.  6d.  each,  are  ready  or  in 
preparation : — 
William  the  Conqueror.  By  Edward  A.  Freeman,  D.C.L., 
LL.D.  [Ready. 

Henry  IL     By  Mrs.  J.  R.  Green.  [Ready, 

Edward  I.    By  F.  York  Powell. 
Henry  VII.     By  James  Gairdner. 

Cardinal  Wolsey.     By  Professor  M.  Creighton.  [Ready. 

Elizabeth.     By  the  Dean  of  St.  Paul's. 
Oliver  Cromwell.     By  Frederic  Harrison.  [Ready. 

William  III.     By  H.  D.  Traill.  [Ready. 

Walpole.     By  John  Morley.  [In  the  press. 

Chatham.     By  John  Morley. 
Pitt.     By  John  Morley. 
Peel.    By  J.  R.  Thursfield. 
Freeman. — Works  by  Edward  A.  Freeman,  D.C.L.,  LL.D., 
Regius  Professor  of  Modern  History  in  the  University  of  Oxford,  &c. 
OLD  ENGLISH  HISTORY.     With  Five  Coloured  Maps.     New 

Edition.     Extra  fcap.  8vo.     6s. 
A  SCHOOL  HISTORY  OF  ROME.  Crown  8vo.    [In preparation. 
METHODS  OF  HISTORICAL  STUDY.     A  Course  of  Lectures. 

8vo.    10s.  6d. 

THE  CHIEF    PERIODS    OF    EUROPEAN    HISTORY.     Six 

Lectures  read  in  the  University  of  Oxford  in  Trinity  Term,  1885. 

With  an  Essay  on  Greek  Cities  under  Roman  Rule.    8vo.   loj.  6d. 

HISTORICAL  ESSAYS.     First  Series.     Fourth  Edition.      8vo. 

loj.  6d. 
Contents :— The  Mythical  and  Romantic  Elements  in  Early  English  History— 
The  Continuity  of  English   History — The  Relations  between  the  Crown  of 
England  and  Scotland — St.  Thomas  of  Canterbury  and  his  Biographers,  &c. 
HISTORICAL  ESSAYS.     Second  Series.     Second  Edition,  with 
additional  Essays.     8vo.     loj.  6d. 
Contents:— Ancient  Greece  and  Medixval  Italy— Mr.  Gladstone's  Homer  and 
the  Homeric  Ages — The  Historians  of  Athens — The  Athenian  Democracy — 
Alexander  the  Great— Greece  during  the   Macedonian  Period— Mommsen's 
Hictnru  nf  Rnm^ — T.iirins  rnmeliiis  Siilla — The  Flavian  Cxnars.  RiC.  &C 
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Fre  e  man — continued. 
HISTORICAL  ESSAYS.     Third  Series.     8vo.     \ls. 

Contents : — Firit  Impressions  of  Rome — The  Illyrian  Emperors  and  their  Land 
— Augusta  Treverorum — The  Goths  at  Ravenna — Race  and  Language — The 
Byzantine  Empire — First  Impression!  of  Athens — Medijeval  and  Modern 
Greece — The  Southern  Slaves — Sicilian  Cyclas — The  Normansat  Palermo. 

THE  GROWTH  OF  THE  ENGLISH  CONSTITUTION  FROM 
THE  EARLIEST  TIMES.     Fourth  Edition.     Crown  8vo.     5^. 
GENERAL    SKETCH    OF    EUROPEAN    HISTORY.      New 
Edition.     Enlarged,  with  Maps,  &c.     i8mo.     3J.  6d?.     (Vol.  I.  of 
Historical  Course  for  Schools.) 
EUROPE.     i8mo.     is.     {History  Primers,) 
Fyffe. — A  SCHOOL  HISTORY  OF  GREECE.  By  C.  A.  Fyffe, 
M.  A.     Crown  Svo.  [In  preparation. 

Green.  —  Works   by   John   Richard   Green,    M.A.,    LL.D., 
late  Honorary  Fellow  of  Jesus  College,  Oxford. 
A  SHORT  HISTORY  OF  THE  ENGLISH  PEOPLE.      New 
and  Thoroughly  Revised  Edition.     With  Coloured  Maps,  Genea- 
logical Tables,  and  Chronological  Annals.     Crown  Svo.     2>s.  6d. 
136th  Thousand. 
Also  the  same  in  Four  Parts.     Parts  I.  and  II.  ready  ;  Parts  III. 
and  IV.  shortly.     With  the  corresponding  portion  of  Mr.  Tait's 
**  Analysis."    Crown  Svo.    3^.  6^.  each.    Part  I.  607 — 1265.     ^^^^ 
IL  1265— 1540.    Part  III.   is40— 1660.    Part  IV.  1660— 1873. 
HISTORY  OF  THE  ENGLISH  PEOPLE.     In  four  vols.     Svo. 
Vol.  I.— EARLY    ENGLAND,    449-1071— Foreign    Kings, 
1071-1214— The  Charter,  1214-1291 — The  Parliament,  1307- 
1461.     With  eight  Coloured  Maps.     Svo.      i6s. 
Vol.  IL— THE  MONARCHY, •1I46I-IS40— The  Reformation, 

1 540- 1 603.     Svo.     1 6  J. 
Vol.  HI.— PURITAN  ENGLAND,  1603-1660— The  Revolu- 
tion, 1660-1688.     With  four  Maps.     Svo.     i6s. 
THE  MAKING  OF  ENGLAND.     With  Maps.     Svo.     iSs. 
THE  CONQUEST  OF  ENGLAND.     With  Maps  and  Portrait. 

Svo.     iZs. 
ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's  "  Short 
History  of   the  EngUsh  People."     By  C.    W.   A.   Tait,  M.A., 
Assistant-Master,  Clifton  College.    Crown  Svo.      y.  6d. 
READINGS     FROM    ENGLISH    HISTORY.       Selected    and 
Edited  by  John  Richard  Green.     Three  Parts.     Globe  Svo. 
IS.  6d.  each.     I.   Hengist  to  Cressy.     II.  Cressy  to  Cromwell. 
III.  Cromwell  to  Balaklava. 
Guest. — LECTURES   ON   THE  HISTORY  OF  ENGLAND. 
By  M.  J.  Guest.     With  Maps.     Crown  Svo.     6s. 

Historical  Course  for  Schools — Edited  by  Edward  a. 

Freeman,  D.C.L.,  LL.D.,  late  Fellow  of  Trinity  College,  Oxford, 
Regius  Professor  of  Modem  History  in  the  University  of  Oxford. 

L— GENERAL  SKETCH  OF  EUROPEAN  HISTORY.  By 
Edward  A.  Freeman,  D.C.L.  New  Edition,  revised  and 
enlarged,  with  Chronological  Table,  Maps,  and  Index.  i8mo.  ^s.6d. 

IL— HISTORY  OF  ENGLAND.  By  Edith  Thompson.  New 
Ed.,  revised  and  enlarged,  with  Coloured  Maps.     i8mo.    2s.  6d. 
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III.— HISTORY  OF  SCOTLAND.  By  Margaret  Macarthur. 

New  Edition.     i8mo.     2j. 
IV.— HISTORY  OF  ITALY.     By  the  Rev.    W.   Hunt,   M.A. 

New  Edition,  with  Coloured  Maps.     i8mo.     3^.  6^. 
v.— HISTORY  OF  GERMANY.      By  J.    Sime,    M.A.      New 

Edition  Revised.     i8mo.     3^. 
VI.— HISTORY  OF  AMERICA.     By  John  A.  Doyle.     With 

Maps.     i8mo.     ^j.  dd. 
VII.— EUROPEAN  COLONIES.     By  E.  J.  Payne,  M.A.     With 

Maps.     l8mo.     4J.  dd. 
VIII.— FRANCE.      By  Charlotte  M.  Yonge.      With    Maps. 

i8mo.     3 J.  dd. 
GREECE.     By  Edward  A.  Freeman,  D.C.L.     \^In  preparation. 
ROME.     By  Edward  A.  Freeman,  D.C.L.  \ln  preparation. 

History  Primers— Edited  by  John  Richard  Green,  M.A., 

LL.D.,  Author  of  «*  A  Short  History  of  the  English  People." 
ROME.    By  the  Rev.  M.  Creighton,  M.A.,    Dixie  Professor  of 

Ecclesiastical  History  in  the    University  of  Cambridge.      With 

Eleven  Maps.     i8mo.     \s. 
GREECE.     By  C.  A.   Fyffe,   M.A.,   Fellow  and  late  Tutor  of 

University  College,  Oxford.    With  Five  Maps.    i8mo.     u. 
EUROPEAN  HISTORY.     By  E.  A.  Freeman,  D.C.L.,  LL.D. 

With  Maps.     i8mo.     is. 
GREEK  ANTIQUITIES.     By  the  Rev.  J.  P.  Mahaffy,  M.A. 

Illustrated.     iSmo.     u. 
CLASSICAL  GEOGRAPHY.   By  H.  F.  Tozer,  M.A.  iSmo.  is. 
GEOGRAPHY.     Bv  Sir  G.  Grove,  D.C.L.     Maps.     i8mo.     is. 
ROMAN    ANTIQUITIES.       By    Professor    Wilkins.       Illus- 

trated.     i8mo.     is. 
FRANCE.     By  Charlotte  M.  Yonge.     i8mo.     is. 
Hole. — A  GENEALOGICAL  STEMMA  OF  THE  KINGS  OF 

ENGLAND  AND   FRANCE.    By  the  Rev.    C.    Hole.     On 

Sheet.     IJ. 
Jennings— CHRONOLOGICAL    TABLES.      A    synchronistic 

arrangement  of  the  events  of  Ancient  History  (with  an  Index). 

By  the  Rev.  Arthur  C.  Jennings,  Rector  of  King's  Stanley, 

Gloucestershire,    Author  of   "A   Commentary   on   the   Psalms," 

"Ecclesia    Anglicana,"    "Manual    of    Church      History,"    &c 

8vo.     5j. 
Labberton.— NEW  HISTORICAL  ATLAS  AND  GENERAL 

HISTORY.     ByR.  H.  Labberton,  Litt.Hum.D.     410.     New 

Edition  Revised  and  Enlarged.     i5j. 
Lethbridge.— A  SHORT  MANUAL  OF  THE  HISTORY  OF 

INDIA.     With  an  Account  of   India  as   it  is.      The   Soil, 

Climate,   and   Productions  ;   the  People,   their  Races,  Religions, 

Public  Works,  and  Industries  ;  the  Civil  Services,  and  System  of 

Administration.    By  Sir  Roper  Lethbridge,  M.A.,  CLE.,  late 

Scholar  of  Exeter  College,  Oxford,  formerly  Principal  of  Kishn  ighur 

College,  Bengal,  Fellow  and  sometime  Examiner  of  the  Calcutta 

University,     With  Maps.     Crown  8vo.     5j. 
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Mahaffy. — greek  life  and  thought  from  the 

AGE  OF  ALEXANDER  TO  THE  ROMAN  CONQUEST. 
By  the  Rev.  J.  P.  Mahaffy,  M.  A.,  D.D.,  Fellow  of  Trinity  Coll., 
Dublin,  Author  of  *•  Social  Life  in  Greece  from  Homer  to  Menan- 
der,"  "Rambles  and  Studies  in  Greece,"  Sec.  Crown 8vo.    12^.  6d, 

Michelet.— A  SUMMARY  OF  MODERN  HISTORY.  Trans- 
lated  from  the  French  of  M.  Michelet,  and  continued  to  the 
Present  Time,  by  M.  C.  M.  Simpson.    Globe  8vo.    4s.  6d. 

Norgate.— ENGLAND  UNDER  THE  ANGEVIN  KINGS. 
By  Kate  Norgate.     With  Maps  and  Plans.     2  vols.  8vo.     32J. 

Ottd.— SCANDINAVIAN  HISTORY.  By  E.  C.  Ott6.  With 
Maps.     Globe  Svo.     6s. 

Ramsay.— A  SCHOOL  HISTORY  OF  ROME.  By  G.  G. 
Ramsay,  M.A.,  Professor  of  Humanity  in  the  University  of 
Glasgow.     With  Maps.     Crown  Svo.  \In  preparation. 

Seeley. — Works  by  J.  R.    Seeley,    M.A,,  Regius   Professor  of 

Modern  Plistory  in  the  University  of  Cambridge. 
THE  EXPANSION  OF  ENGLAND.     Crown  Svo.     4^.  dd. 
OUR   COLONIAL    EXPANSION.      Extracts  from   the  above. 

Crown  Svo,     Sewed.     \s. 

Tait.— ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's 
**  Short  History  of  the  Enghsh  People."  By  C.  W.  A.  Tait, 
M.A.,  Assistant-Master,  Clifton  College.     Crown  Svo.     3J.  6d. 

Wheeler. — a  SHORT  HISTORY  OF  INDIA  AND  OF  THE 
FRONTIER  STATES  OF  AFGHANISTAN,  NEPAUL, 
AND  BURMA.  By  J.  Talboys  Wheeler.  With  Maps. 
Crown  Svo.  lis. 
COLLEGE  HISTORY  OF  INDIA,  ASIATIC  AND  EURO- 
PEAN.    By  the  same.     With  Maps.     Crown  Svo.     3^.  dd. 

Yonge  (Charlotte  M.).  —  CAMEOS  FROM  ENGLISH 
HISTORY.  By  Charlotte  M.  Yonge,  Author  of  "The  Heir 
of  Redclyffe,"  Extra  fcap.  Svo.  New  Edition.  5j.  each,  (i) 
FROM  ROLLO  TO  EDWARD  IL  (2)  THE  WARS  IN 
FRANCE.  (3)  THE  WARS  OF  THE  ROSES.  (4)  REFOR- 
MATION TIMES.  (5)  ENGLAND  AND  SPAIN.  (6)  FORTY 
YEARS  OF  STUART  RULE  (1603— 1643). 
EUROPEAN  HISTORY.  Narrated  in  a  Series  of  Historical 
Selections  from  the  Best  Authorities.  Edited  and  arranged  by 
E.  M.  Sewell  and  C.  M.  Yonge.  First  Series,  1003—1154. 
New  Edition.  Crown  Svo.  6s.  Second  Series,  1088 — 1228. 
New  Edition.  Crown  Svo.  6s. 
THE  VICTORIAN  HALF  CENTURY— A  JUBILEE  BOOK. 
With  a  New  Portrait  of  the  Queen.  Crown  Svo.,  paper  covers,  \s. 
Cloth,  \s.  6d. 
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MODERN    LANGUAGES    AND 
LITERATURE, 

(i)  English,  (2)  French,  (3)  German,  (4)  Modern 
Greek,  (5)  Italian,  (6)  Spanish. 

ENGLISH. 

Abbott.— A  SHAKESPEARIAN  GRAMMAR.  An  attempt  to 
illustrate  some  of  the  Differences  between  Elizabethan  and  Modem 
English.  By  the  Rev.  E.  A.  Abbott,  D.D.,  Head  Master  of  the 
City  of  London  School.     New  Edition.     Extra  fcap.  8vo.     6s. 

Bacon. — essays.  Edited  by  F.  G.  Selby,  M.A.,  Professor  of 
Logic  and  Moral  Philosophy,  Deccan  College,  Poona.    Globe  8vo. 

[In  the  press. 

Burke.— REFLECTIONS  ON  THE  FRENCH  REVOLUTION. 
Edited  by  F.  G.  Selby,  M.A.,  Professor  of  Logic  and  Moral 
Philosophy,  Deccan  College,  Poona.    Globe  8vo.  [In  preparation. 

Brooke. — primer  of  English  literature.    By  the 

Rev.   Stopford  A.    Brooke,    M.A.      i8mo.      \s.     {Literature 

Primers.) 
Butler. — HUDIBRAS.     Edited,  with  Irtroduction  and  Notes,  by 

Alfred  Milnes,  M.A.  Lon.,  late  Student  of  Lincoln  College, 

Oxford.  Extra  fcap  8vo.  Parti,  ^s.dd.     Parts  II.  and  I H.  A^.dd. 
Cowper's  TASK:  AN  EPISTLE  TO  JOSEPH  HILL,  ESQ.; 

TIROCINIUM,  or  a  Review  of  the  Schools ;  and  THE  HIS- 

TORY  OF  JOHN  GILPIN.     Edited,  with  Notes,  by  William 

Benham,  B.D.    Globe  8vo.     is.     {Globe  Readings  from  Standara 

Authors.) 
THE  TASK.     Edited  by  W.  T.  Webb,  M.  A.,  Professor  of  English 

Literature,  Presidency  College,  Calcutta.  \In  preparation. 

Do wden.— SHAKESPEARE.     By  Professor  Dowden.     i8mo. 

I  s.     {Literature  Primers. ) 
Dryden.— SELECT  PROSE  WORKS.    Edited,  with  Introduction 

and  Notes,  by  Professor  C.  D.  Yonge.     Fcap.  8vo.     2j.  6^. 

ENGLISH    CLASSICS    FOR    INDIAN 
STUDENTS. 

A  SERIES  OF  SELECTIONS  FROM  THE  WORKS  OF  THE 
GREAT  ENGLISH  CLASSICS,  with  Introductions  and  Notes, 
specially  written  for  the  use  of  Native  Students  preparing  for  the 
Examinations  of  the  Universities  of  Bombay,  Calcutta,  Madras, 
and  the  Punjab.  The  books  are  also  likely  to  be  useful  to 
English  Students. 

The  following  Volumes  are  ready  or  in  preparation. 
Bacon. — essays.    Edited  by  F.  G.  Selby,  M.A.,  Professor  of 
Logic  and  Moral  Philosophy,  Deccan  College,  Poona.  \In  the  press. 
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Burke. — REFLECTIONS  ON  THE  FRENCH  REVOLUTION, 
By  F.  G.  Selby,    M.A.  \^In  preparation. 

Cowper. — THE  TASK.  Edited  by  W.  T.  Webb,  M.A.,  Pro- 
fessor of  English  Literature,  Presidency  College,  Calcutta.  Globe 
8vo.  [/« preparation. 

Goldsmith. — the  TRAVELLER  AND  THE  DESERTED 
VILLAGE.  Edited  by  Arthur  Barrett,  B.A.,  Professor  of 
English  Literature,   Elphinstone  College,  Bombay.     Globe  8vo. 

THE  VICAR  OF  WAKEFIELD.  Edited  by  Harold  Little- 
dale,  B.A.,  Professor  of  History  and  English  Literature,  Baroda 
College.  [/« preparatitn. 

Helps.— ESSAYS  WRITTEN  IN  THE  INTERVALS  OF 
BUSINESS.  Edited  by  F.  J.  Rowe,  M.A.,  and  W.  T.  Webb, 
M.A.,  Professors  of  English  Literature,  Presidency  College, 
Calcutta.  \In  preparation. 

Milton.— PARADISE    LOST,    Books   I.    and    IL      Edited    by 
Michael  Macmillan,    B.A.,    Professor  of  Logic   and    Moral 
Philosophy,  Elphinstone  College,  Bombay.     Globe  8vo.     2J.  6^. 
Scott— THE  LADY  OF  THE  LAKE.     Edited  by  G.  H.  Stuart, 
Professor  of  English  Literature,  Presidency  College,  Madras. 

\In  preparation. 
THE  LAY  OF  THE  LAST  MINSTREL.     By  the  same  Editor. 

[In  preparation. 
MARMION.     Edited  by  Michael  Macmillan,  B.  A.     Globe  8vo. 

3J.  ^d. 
ROKEBY.     By  the  same  Editor.  [/«  the  press. 

Shakespeare.— MUCH  ADO  ABOUT  NOTHING.     Edited  by 
K.  Deighton,  M.  a.,  late  Principal  of  Agra  College.     Globe  Svo. 
2J. 
HENRY  V.     By  the  same  Editor.     Globe  Svo.     2j.  6d. 
THE  WINTER'S  TALE.     By  the  same  Editor.  [/«  the  press. 

CYMBELINE.     By  the  same  Editor.  \ln  the  press. 

OTHELLO.     By  the  same  Editor.  \ln  the  press. 

RICHARD  III.     Edited  by  C.  H.  Tawney,  M.A.,  Principal  and 
Professor  of  English  Literature,  Elphinstone   College,   Calcutta. 
Globe  Svo.     2s.  6d. 
Tennyson. — SELECTIONS.      Edited  by  F.  J.   Rowe,  M.A., 
and  W.  T.  Webb,  M.A.,  Professors  of  English  Literature,  Pre- 
sidency College,  Calcutta.     Globe  Svo.     3^.  6-/. 
This  Volume  contains: — Recollections  of  the  Arabian   Nights — The  Lady  of 
Shalott — CEnone — The     Lotos-Eaters — A    Dream    of    Fair    Women — Morte 
D'Arthur — Dora — Ulysses — Tithonus — Sir  Galahad — The  Lord  of  Burleigh — 
Ode  on  the  Death  of  the  Duke  of  Wellington — The  Revenge. 

Wordsworth.— SELECTIONS.  Edited  by  William  Words- 
worth, B.A.,  Principal  and  Professor  of  History  and  Political 
Economy,  Elphinstone  College,  Bombay.  [In  preparation. 
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Gladstone.— SPELLING  reform  from   an   educa. 

TIONAL  POINT  OF  VIEW.  By  J.  H.  Gladstone,  Ph.D., 
F.R.S.,  Member  of  the  School  Board  for  London.  New  Edition. 
Crown  8yo.  is.  6d. 
Globe  Readers.  For  Standards  L— VL  Edited  by  A.  F. 
MuRisoN.  Sometime  English  Master  at  the  Aberdeen  Grammar 
School.     With  Illustrations.     Globe  8vo. 

Book  III.  (232  pp.)  I  J.  3^. 


Primer  I.    (48  pp.)  2^. 

Primer  II.    (48  pp.)  3^. 

Book      I.   (96  pp.)  6(/. 

Book    IL(i36pp.)  gc/. 


Book  IV.  (328  pp.)  IS.  gd. 
Book    V.  {416  pp.)  2s. 
Book  VI.  (448  pp.)  2s.  6(f. 


"Among  the  numerous  sets  of  readers  before  the  public  the  present  series  is 
honourably  distinjifuished  by  the  marked  superiority  of  its  materials  and  the 
careful  ability  with  which  they  have  been  adapted  to  the  growing  capacity  of  the 
pupils.  The  plan  of  the  two  primers  is  excellent  for  facilitating  the  child's  first 
attempts  to  read.  In  the  first  three  following  books  there  is  abundance  of  enter- 
taining   reading Better  food  for  young  minds  could  hardly  be  found."— 

The  Athkumvu. 

♦The  Shorter  Globe  Readers. — with  Illustrations.   Globe 
8vo. 


Primer        I.  (48  pp.)  3^- 

Primer      II.  (48  pp.)  3^. 

Standard    I.  (92  pp.)  6d. 

Standard  II.  (124  pp.)  gd. 


Standard  IIL  (178  PP.)  i^. 
Standard  IV.  (182  pp.)  is. 
Standard    V.  (216  pp.)  is.  3d. 
Standard  VI.  (228  pp.)  i^.  6d. 


*  This  Series  has  been  abridged  from  "The  Globe  Readers"  to  meet  the  demand 
for  smaller  reading  books. 

GLOBE     READINGS     FROM     STANDARD    AUTHORS. 

Cowper'sTASK:  AN  EPISTLE  TO  JOSEPH  HILL,  ESQ.; 
TIROCINIUM,  or  a  Review  of  the  Schools;  and  THE  HIS- 
TORY OF  JOHN  GILPIN.  Edited,  with  Notes,  by  William 
Benham,  B.'D.     Globe  8vo.     i*. 

Goldsmith's  VICAR  OF  WAKEFIELD.  With  a  Memoir  of 
Goldsmith  by  Professor  Masson.     Globe  8vo.     i.r. 

Lamb's     (Charles)     tales     from     SHAKESPEARE. 

Edited,    with    Preface,    by    the   Rev.   Canon    Ainger,    M.A. 

Globe  8vo.     2s. 
Scott's  (Sir  Walter)   lay  of  THE  LAST  MINSTREL; 

and  THE  LADY  OF  THE  LAKE.     Edited,  with  Introductions 

and  Notes,  by  Francis  Turner  Palgrave.     Globe  8vo.     is. 
MARMION  ;   and  the  LORD  OF  THE  ISLES.      By  the  same 

Editor.     Globe  8vo.     is. 

The  Children's   Garland  from  the   Best  Poets.— 

Selected  and  arranged  by  Coventry  Patmore.  Globe  8vo.  2s. 
Yonge  (Charlotte  M.). — a  BOOK  OF  GOLDEN  DEEDS 
OF  ALL  TIMES  AND  ALL  COUNTRIES.  Gathered  and 
narrated  anew  by  Charlotte  M.  Yonge,  the  Author  of  **  The 
Heirof  Redtlyffe."     Globe  8vo.     2s. 
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Goldsmith. — the  traveller,  or  a  Prospect  of  Society ; 
and  THE  DESERTED  VILLAGE.  By  Oliver  Goldsmith. 
With  Notes,  Philological  and  Explanatory,  by  J.  W.  Hales,  M.A. 
Crown  8vo.     6d. 

THE  VICAR  OF  WAKEFIELD.  With  a^Memoir  of  Goldsmith 
by  Professor  Masson.  Globe  8vo.  is,  {Globe  Readings  from 
Standard  Authors.) 

SELECT  ESSAYS.  Edited,  with  Introduction  and  Notes,  by 
Professor  C.  D.  Yonge.     Fcap.  8vo.     2s.  6d. 

THE  TRAVELLER  AND  THE  DESERTED  VILLAGE. 
Edited  by  Arthur  Barrett,  B.A,,  Professor  of  English  Litera- 
ture, Elphinstone  College,  Bombay.     Globe  Svo.      is.  6d. 

THE  VICAR  OF  WAKEFIELD.  Edited  by  Harold  Little- 
dale,  B.A.,  Professor  of  History  and  English  Literature,  Baroda 
College.     Globe  Svo.  [J n  preparation. 

Gosse.— EIGHTEENTH  CENTURY  LITERATURE.  By 
Edmund  Gosse.     Crown  Svo.  {Immediately. 

Hales.— LONGER  ENGLISH  POEMS,  with  Notes,  Philological 
and  Explanatory,  and  an  Introduction  on  the  Teaching  of  English, 
Chiefly  for  Use  in  Schools.  Edited  by  J.  W.  Hales,  M.A., 
Professor  of  English  Literature  at  King's  College,  London.  New 
Edition.     Extra  fcap.  Svo.     4J.  6d. 

Helps.— ESSAYS  WRITTEN  IN  THE  INTERVALS  OF 
BUSINESS.  Edited  by  F.  J.  Rowe,  M.A.,  and  W.  T.  Webb, 
M.A.,  Professors  of  English  Literature,  Presidency  College, 
Calcutta.     Globe  Svo.  \In  preparation. 

Johnson's  lives  OF  THE  POETS.  The  Six  Chief  Lives 
(Milton,  Dryden,  Swift,  Addison,  Pope,  Gray),  with  Macaulay's 
**  Life  of  Johnson."  Edited  with  Preface  and  Notes  by  Matthew 
Arnold.     New  and  cheaper  edition.     Crown  Svo.     4J.  (>d. 

Lamb  (Charles).— TALES  FROM  SHAKESPEARE.  Edited, 
with  Preface,  by  the  Rev.  Canon  Ainger,  M.A.  Globe  Svo. 
2  J.     {Globe  Readings  from  Standard  Atithors.) 

Literature    Primers — Edited  by   John   Richard   Green, 

M.  A.,  LL.D.,  Author  of  "  A  Short  History  of  the  English  People." 
ENGLISH  COMPOSITION.  By  Professor  Nichol.  iSmo.  \s. 
ENGLISH  GRAMMAR.     By  the  Rev.  R.  Morris,  LL.D.,  some- 

time  President  of  the  Philological  Society.     iSmo.     \s. 
ENGLISH  GRAMMAR  EXERCISES.     By  R.  Morris,  LL.D., 

and  H.  C.  Bowen,  M.A.     iSmo.     u. 
EXERCISES    ON     MORRIS'S     PRIMER     OF     ENGLISH 

GRAMMAR.      By  John  Wetherell,  of  the  Middle  School, 

Liverpool  College.     iSmo.     is. 
ENGLISH  LITERATURE.    By  Stopford  Brooke,  M.A.    New 

Edition.     i8mo.     I/. 
SHAKSPERE.    By  Professor  Dowden.     i8mo.     is. 
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Literature  Primers — continued. 

THE  CHILDREN'S  TREASURY  OF  LYRICAL  POETRY. 
Selected  and  arranged  with  Notes  by  Francis  Turner  Pal- 
grave.     In  Two  Parts.     i8mo.     \s.  each. 

PHILOLOGY.     By  J.  Peile,  M.A.     i8mo.     it. 

A  History  of  English  Literature  in  Four  Volumes. 

Crown  8vo. 

EARLY  ENGLISH  LITERATURE.      By  Stopford  Brooke, 

M.A.  \ln  preparation. 

ELIZABETHAN   LITERATURE.       By  George  Saintsbury. 

7j.  (id. 
EIGHTEENTH    CENTURY    LITERATURE.      By   Edmund 
Gosse.  [/«  the  press. 

THE  MODERN  PERIOD.  By  Professor  E.  Dowden.  \In  p.'ep. 

Macmillan's  Reading  Books. — Adapted  to  the  English  and 
Scotch  Codes.     Bound  in  Cloth. 


PRIMER.   i8mo.  (48  pp.)     -id. 
BOOK  I.  for  Standard  I.     i8mo. 

(96  pp.)     4^. 
BOOK  II.  for  Standard  II.  i8mo. 

(144  pp.)     5^. 
BOOK  V.  for  Standard  V.   l8mo. 

(380  pp.)     I  J. 


BOOK    III.    for   Standard  IIL 
i8mo.     (160  pp.)    6flr. 

BOOK    IV.    for    Standard    IV. 

i8mo.     (176  pp.)     %d. 
BOOK  VI.  for  Standard  VI.  Cr. 
8vo.     (430  pp.)     2J. 
Book  VI.  is  fitted  for  higher  Classes,   and  as   an    Introduction  to 
English  Literature. 

Macmillan's  Copy-Books — 

Published  in  two  sizes,  viz.  : — 

1.  Large  Post  4to.     Price  4^/.  each. 

2.  Post  Oblong.     Price  2.d.  each. 

1.  INITIATORY  EXERCISES  AND  SHORT  LETTERS. 

2.  WORDS  CONSISTING  OF  SHORT  LETTERS. 

•3.  LONG  LETTERS.     With  Words  containing  Long  Letters— Figures. 

•4.  WORDS  CONTAINING  LONG  LETTERS. 

4a.  PRACTISING  AND  REVISING  COPY-BOOK.     ForNos.  i  to  4. 

♦5.  CAPITALS  AND  SHORT  HALF-TEXT.   Words  beginning  with  a  Capital. 

»6.   HALF-TEXT  WORDS  beginning  with  Capitals— Figures. 

*7.  SMALL-HAND  AND  HALF-TEXT.     With  Capitals  and  Figures. 

*8.  SMALL-HAND  AND  HALF-TEXT.     With  Capitals  and  Figures. 

8a.  PRACTISING  AND  REVISING  COPY-BOOK.     For  Nos.  5  to  8. 

♦g.  SMALL-HAND  SINGLE  HEADLINES— Figures. 

10.  SMALL-HAND  SINGLE  HEADLINES-Figures. 

11.  SMALL-HAND  DOUBLE  HEADLINES-Figures. 

12.  COMMERCIAL  AND  ARITHMETICAL  EXAMPLES,  &c. 

12a.  PRACTISING  AND  REVISING  COPY-BOOK.     For  Nos.  8  to  la. 
*  These  numbers  may  be  had  with   GoodmarCs  Patent  Sliding 
Copies.     Large  Post  4to.     Price  6d.  each. 
Martin. — THE  POET'S  HOUR  :    Poetry  selected  and  arranged 
for  Children.     By   Frances  Martin.     New  Edition.      i8mo. 
2S.  ()d. 
SPRING-TIME    WITH    THE    POETS:    Poetry    selected    by 
Frances  Martin.     New  Edition.     i8mo.     3^  6d. 
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Milton.— By  Stopford  Brooke,  M.A.  Fcap.  8vo.  is.  6d. 
{Classical  Writers  Series.) 

Milton.— PARADISE  LOST.  Books  I.  and  II.  Edited,  with 
Introduction  and  Notes,  by  Michael  Macmillan,  B.A.  Oxon, 
Professor  of  Logic  and  Moral  Philosophy,  Elphinstone  College, 
Bombay.     Globe  8vo.     2s.  6d. 

Morley.— ON  the  study  OF  LITERATURE.  The  Annual 
Address  to  the  Students  of  the  London  Society  for  the  Extension 
of  University  Teaching.  Delivered  at  the  Mansion  House, 
February  26,  1887.    By  John  Morley.    Globe  8vo.  Cloth,    is.  6d. 

*  Also  a  Popular  Edition  in  Pamphlet  form  for  Distribution,  price  id. 
APHORISMS.     By  the  same.     Being  an  Address  delivered  before 
the   Philosophical   Society  of  Edinburgh,    November   11,    1887. 
Globe  8vo.     is.  6d. 

Morris.— Works  by  the  Rev.  R.  Morris,  LL.D. 
HISTORICAL    OUTLINES    OF    ENGLISH    ACCIDENCE, 
comprising  Chapters  on  the  Plistory  and  Development  of  the  Lan- 
guage, and  on  Word-formation.   New  Edition.   Extra  fcap.   8vo.  6j. 
ELEMENTARY     LESSONS    IN    HISTORICAL    ENGLISH 
GRAMMAR,  containing  Accidence  and  Word-formation.     New 
Edition.     i8mo.     2s.  6d. 
PRIMER  OF   ENGLISH  GRAMMAR.     i8mo.     is.     (See  also 
Literature  Primers.) 

Oliphant.— THE  OLD  AND  MIDDLE  ENGLISH.     A  New 

Edition  of  '♦THE  SOURCES  OF  STANDARD  ENGLISH," 

revised  and  greatly  enlarged.     By  T.  L.  Kington  Oliphant. 

Extra  fcap.  8vo.     9^. 

THE  NEW  ENGLISH.  By  the  same  Author.  2vols.  Cr.  8vo.  zis. 

Palgrave.— THE  CHILDREN'S  TREASURY  OF  LYRICAL 
POETRY.  Selected  and  arranged,  with  Notes,  by  Francis 
Turner  Palgrave.  i8mo.  is.  6d.  Also  in  Two  Parts,   is.  each. 

Patmore. — the  children's  garland   from  the 

BEST  POETS.     Selected  and  arranged  by  Coventry  Patmore. 

Globe  8vo.     2s.     {Globe  Readings  from  Standard  Authors.) 
Plutarch. — Being   a  Selection    from   the    Lives   which    Illustrate 

Shakespeare.     North's  Translation.     Edited,  with  Introductions, 

Notes,   Index  of  Names,  and  Glossarial  Index,  by  the  Rev.  W. 

W.  Skeat,  M.A.     Crown  8vo.     6s. 
Saintsbury.— A  HISTORY   OF  ELIZABETHAN  LITER  A 

TURE.     By  George  Saintsbury.     Cr.  8vo.    7^.  6d. 
Scott's  (Sir  Walter)  lay  of  the  last  minstrel, 

and  THE  LADY  OF  THE  LAKE.    Edited,  with  Introduction 
and  Notes,  by  Francis  Turner  Palgrave.     Globe  8vo.     is. 
{Globe  Readings  from  Standard  Authors.) 

MARMION  ;  and  THE  LORD  OF  THE  ISLES.  By  the  same 
Editor.    Globe  8  vo.    is.    {Globe  Readings  from  Standard  Authors.) 

MARMION.  Edited,  with  Introduction  and  Notes,  by  M.  MaC- 
millan,  B.A.  Oxon,  Professor  of  Logic  and  Moral  Philosophy, 
Elphinstone  College,  Bombay.     Globe  8vo.     3J.  6d. 
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Scott's  (Sir  'Walter)  {contmued) — 
THE  LADY  OF  THE  LAKE.     Edited  by  G.  H.  Stuart,  M.A. 

Professor  of   English    Literature,    Presidency   College,    Madras. 

Globe  8vo.  \^In  preparation. 

THE  LAY  OF  THE  LAST  MINSTREL.     By  the  same  Editor. 

Globe  8vo.  [/«  preparation, 

ROKEBY.     By  Michael  Macmillan,  B.A.     Globe  8vo. 

\In  the  press. 
Shakespeare. — a  SHAKESPEARIAN  GRAMMAR.   By  Rev. 

E-  A.  Abbott,  D.D.,  Head  Master  of  the  City  of  London  School. 

Globe  Svo.     6j. 
A  SHAKESPEARE  MANUAL.      By  F.  G.  Fleay,  M.A.,  late 

Head  Master  of  Skipton  Grammar   School.       Second   Edition. 

Extra  fcap.  Svo.     4$-.  dd. 
PRIMER  OF  SHAKESPEARE.     By  Professor  Dowden.     iSmo. 

\s.     {Literature  Ptitners.) 
MUCH  ADO  ABOUT  NOTHING.     Edited  by  K.  Deighton, 

M.A.,  late  Principal  of  Agra  College.     Globe  Svo.     2J. 
HENRY  V.     By  the  same  Editor.     Globe  Svo.     is.  6d. 
THE  WINTER'S  TALE.     By  the  same  Editor.     Globe  Svo. 

[/«  the  press. 
CYMBELINE.  By  the  same  Editor.  Globe  Svo.  [In  the  press. 
OTHELLO.     By  the  same  Editor.     Globe  Svo.  [In  the  press. 

RICHARD  III.     Edited  by  C.  H.  Tawney,  M.A.,  Principal  aid 

Professor  of  English  Literature,   Elphinstone  College,  Calcutta. 

Globe  Svo.     2s.  6d. 

Sonnenschein  and  Meiklejohn.  —  THE  ENGLISH 
METHOD  OF  TEACHING  TO  READ.  By  A.  Sonnen- 
SCHEIN  and  J.  M.  D.  Meiklejohn,  M.A.     Fcap.  Svo. 

COMPRISING  : 
THE  NURSERY  BOOK,  containing  all  the  Two-Letter  Words 
in  the  Language.     \d.     (Also  in  Large  Type  on  Sheets  for 
School  Walls.     $s.) 
THE  FIRST  COUKSE,  consisting  of  Short  Vowels  with  Single 

Consonants.     6d. 
THE   SECOND   COURSE,    with   Combinations   and    Bridges 

con-i>^ting  of  Short  Vow  els  with  Doul)le  Consonants.     6(1. 
THE  TPIIRD  AND  FOUKTH  COURSES,  consltmg  of  Long 
Vowels,  and  all  the  Double  Vowels  in  the  Language.     6d. 
"  These  are  admirable  books,  because  they  are  constructed  on  a  pririciple,  and 
that  the   simplest  principle  on  which   it  is  possible  to  learn  to  read  English." — 
Spectator. 

Taylor.— WORDS  AND  PLACES;  or,  Etymological  Illustra- 
tions of  Hist  iry,  Ethnology,  and  Gedgraj^hy.  By  the  Kev. 
Isaac  Taylor,  M.A.,  Litt.  D.,  Hon.  LI..D.,  Canon  of  York. 
Tliird  and  Cheaper  Edition,  revised  and  compressed.  With  Maps. 
Globe  Svo.     6s. 

Tennyson. — The  COLLECTED  WORKS  of  LORD  TENNY- 
SON,  Poet  Lauierte.  An  Edition  for  Schools.  In  Four  Parts. 
Crown  Svo.   zs.  6d.  each. 
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Tennyson — continued. 

SELECTIONS  FROM  LORD  TENNYSON'S  POEMS.     Edited 

with  Notes    for  the   Use   of   Schools.      By  the   Rev.    Alfred 

AiNGER,  M.A,,  LL.D.,  Canon  of  Bristol.  \In preparation, 

SELECT  POEMS  OF  LORD  TENNYSON.     With  Introduction 

and  Notes.     By  W.  T.  Webb,  M.A.,  and  F.  J.  Rowe,  Professors 

,      of  English  Literature,  Presidency  College,  Calcutta.     Globe  8vo. 

This  selection  contains  :— "  Recollections  of  the  Arabian  Nights,"  "The  Lady  of 
Shalott,"  "Oenone,"  "The  Lotos  Eaters,"  "Ulysses,"  "Tithonus,"  "  Morte 
d'Arthur,"  "Sir  Galahad,"  "Dora,"  "The  Ode  on  the  Death  of  the  Duke  of 
Wellington,"  the  "Revenge." 

Thring. — the  ELEMENTS  OF  GRAMMAR  TAUGHT  IN 
ENGLISH.  By  Edward  Turing,  M.A.,  late  Head  Master  of 
Uppingham.    With  Questions.     Fourth  Edition.  l8mo.    2s. 

Vaughan  (CM.).— WORDS  FROM  THE  POETS..  By 
C,  M.  Vaughan.     New  Edition.     i8mo,  cloth,     is. 

Ward. — THE  ENGLISH  POETS.  Selections,  with  Critical 
Introductions  by  various  Writers  and  a  General  Introduction  by 
Matthew  Arnold.  Edited  by  T.  H.  Ward,  M.A.  4  Vols. 
Vol.  I.  CHAUCER  TO  DONNE.— Vol.  II.  BEN  JONSON 
TO  DRYDEN.— Vol.  IIL  ADDISON  to  BLAKR.— Vol.  IV. 
WORDSWORTH  to  ROSSETTI.     Crown  8vo.     Each  ^s.  dd. 

Wetherell. — exercises    on    morris's  primer  of 

ENGLISH    grammar.      By    John     Wetherell,    M.A. 
l8mo.      Is.     {Literature  Primers.) 

Woods.— A    FIRST   SCHOOL   POETRY    BOOK.      Compiled 
by  M.  A.  Woods,  Head  Mistress  of  the  Clifton  High  School  (or 
Gills.     Fcap.  8v'o.     2.s.  6d. 
A  SECOND  SCHOOL  POETRY  BOOK.     By  the  same  Author. 

F'cap.  8vo.     4f.  6d. 
A  THIRD  SCHOOL  POETRY  BOOK.     By  the   same  Author. 
Fcap.  8vo.  [In  preparation. 

Wordsworth. — SELECTIONS.  Edited  by  William  Words- 
worth, B.A.,  Principal  and  Professor  of  Plistory  and  Po'itical 
Ecouoaiy,  Elphinstone  College,  Bombay.  [In preparation. 

Yonge  (Charlotte  M.).— the    abridged    BOOK    OK 

GOLDEN    DEEDS.     A  Reading  Book  for  Schools  and  general 
readers.     By  the  Author  of   "The  Heir  of  Redclyffe."     i8mo, 
cloth,     is. 
GLOBE  READINGS   EDITION.     Globe  8vo.     2s.     (See  p.  63.) 

FRENCH. 
Beaumarchais. — le  barrier  de    Seville.     Edited, 

with  Introduction  and  Notes,  by  L.  P.  Blouet,  Assistant  Master 
in  St.  Paul's  School.     Fcap.  8vo.     y.  6d. 
Bowen.— FIRST    LESSONS    IN    FRENCH.      By   H.    Cour- 
thope  Bowen,  M.A.,  Principal  of  the  Finsbury  Training  College 
for  Higher  and  Middle  Schools.     Extra  fcap.  8vo.     is. 
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Breymann. — Works  by  Hermann  Breymann,  Ph.D.,  Pro- 
fessor of  Philology  in  the  University  of  Munich. 

A  FRENCH  GRAMMAR  BASED  ON  PHILOLOGICAL 
PRINCIPLES.     Second  Edition.     Extra  fcap.  8vo.     4^.  ed. 

FIRST  FRENCH  EXERCISE  BOOK.     Extra  fcap.  8vo.    4^.  6d. 

SECOND  FRENCH  EXERCISE  BOOK.  Extia  fcap.  8vo.  2s.  6d. 
Fasnacht. — Works  by  G.  Eugene  Fasnacht,  Author  of  "  Mac- 
millan's  Progressive  French  Course,"  Editor  of  "Macmillan's 
Foreign  School  Classics,"  &c. 

THE  ORGANIC  METHOD  OF  STUDYING  LANGUAGES. 
Extra  fcap.  Svo.     I.   French.     3^.  6d. 

A  SYNTHETIC  FRENCH  GRAMMAR  FOR  SCHOOLS. 
Crown  Svo.     3^.  6d. 

GRAMMAR  AND  GLOSSARY  OF  THE  FRENCH  LAN- 
GUAGE  OF  THE  SEVENTEENTH  CENTURY.  Crown 
Svo.  [In  preparation. 

FRENCH  COMPOSITION.  Part  I.  Elementary.  Globe  Svo. 
2  J.  6d.     Part  II.     Advanced.  [In  the  press. 

Macmillan's  Primary  Series  of  French  and 
German  Reading  Books. — Edited  by  G.  Eugene 
Fasnacht,  formerly  Assistant-Master  in  Westminster  School. 
With  Illustrations.     Globe  Svo. 

CORNAZ— NOS  ENFANTS  ET  LEURS  AMIS.  Edited  by 
Edith  Harvey.  With  Notes,  Vocabulary,  and  Exercises. 
Globe  Svo.  [In  the  press. 

DE  MAISTRE— LA  JEUNE  SIBERIENNE  ET  LE  LlilPREUX 
DE  LA  CITE  D'AOSTE.  Edited,  with  Introduction,  Notes, 
and  Vocabulary.  By  Stephane  Barle t,  B.  Sc.  Univ.  Gall,  and 
London ;  Assistant-Master  at  the  Mercers'  School,  Examiner  to 
the  College  of  Preceptors,  the  Royal  Naval  College,  &c.     is.  6d. 

FLORIAN— FABLES.  Selected  and  Edited,  with  Notes,  Vocabu- 
lary, Dialogues,  and  Exercises,  by  the  Rev.  Charles  Yeld,  M.  A., 
Head  Master  of  University  School,  Nottingham.  Illustrated. 
IS.  6d. 

GRIMM— KINDER  UND  HAUSMARCHEN.  Selected  and 
Edited,  with  Notes,  and  Vocabulary,  by  G.  E.  Fasnacht.  New 
Edition,  with  Exercises.     2s.  6d. 

HAUFF.— DIE  KARA  VANE.  Edited,  with  Notes  and  Vocabu- 
lary, by  Herman  Hager,  Ph.D.  Lecturer  in  the  Owens  College, 
Manchester.  New  Edition,  with  Exercises,  arranged  by  G.  E. 
Fasnacht.     3J. 

LA  FONTAINE— A  SELECTION  OF  FABLES.  Edited,  with 
Introduction,  Notes,  and  Vocabulary,  by  L.  M.  Moriarty,  B.A., 
Professor  of  French  in  King's  College,  London.     2s. 

PERRAULT— CONTES  DE  F^ES.  Edited,  with  Introduction, 
Notes,  and  Vocabulary,  by  G.  E.  Fasnacht.     is. 

G.  SCHWAB-ODYSSEUS.  With  Introduction,  Notes,  and 
Vocabulary,  by  the  same  Editor.  [In  preparation. 
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Macmillan's    Progressive   French   Course. — By  G. 

EuGfcNE    Fasnacht,    formerly   Assistant-Master    in    Westminster 
School. 
I. — First   Year,    containing    Easy   Lessons     on    the    Regular 

Accidence.     New  and  thoroughly  revised  Edition.     Extra  fcap. 

8vo.     IS. 
II. — Second  Year,    containing  an  Elementary  Grammar  with 

copious  Exerci'^es,  Notes,  and  Vocabularies.     A  new  Edition, 

enlarged  and  thoroughly  revised.     Extra  fcap.  8vo.     2s. 
in. — Third  Year,  containing  a  Systematic  Syntax,  and  Lessons 

in  Composition.  Extra  fcap.  8vo.  2s.  6d. 
THE  TEACHER'S  COMPANION  TO  MACMILLAN'S 
PROGRESSIVE  FRENCH  COURSE.  With  Copious  Notes, 
Hints  for  Different  Renderings,  Synonyms,  Philological  Remarks, 
&c.  By  G.  E.  Fasnacht.  G'lobe  Svo.  Ftrsi  Year  4^.  6</., 
Second  Year  4?.  6d. ,  Third  Year  45-.  dd. 
EXERCISES  IN  FRENCH  COMPOSITION.  By  G.  E.  Fas- 
nacht. Part  I.  Elementary.  Extra  Fcap.  Svo.  2s.  6d.  [Ready. 
Part  II.     Advanced.  [Fart  II.  in  the  press. 

Macmillan's    Progressive     French     Readers.     By 

G.    EUGfeNE   P'ASNACHT. 

I. — First  Year,  containing  Fables,  Historical  Extracts,  Letters, 
Dialogues,  Ballads,  Nursery  Songs,  &c.,  with  Two  Vocabularies: 
(i)  in  the  order  of  subjects  ;  (2)  in  alphabetical  order.  Extra 
fcap.  Svo.     2s.  6d. 

II,  —  Second  Year,  containing  Fiction  in  Prose  and  Verse, 
Historical  and  Descriptive  Extracts,  Essays,  Letters,  Dialogues, 
&c.     Extra  fcap.  Svo.     2s.  6d. 

Macmillan  s  Foreign  School  Classics.    Edited  by  G. 
EuGfeNE  Fasnacht.     iSmo. 

FRENCH. 

CORNEILLE— LE  CID.    Edited  by  G.  E.  Fasnacht.    is. 
DUMAS-  LES    DEMOISELLES    DE    ST.  CYR.      Edited  bv 

Victor  Oger,  Lecturer  in  University  College,  Liverpool,   is.  6d. 
LA  FONTAINE'S  FABLES.     Books  L— VI.     Edited  by  L.  M. 

Moriarty,  B.A.,  Professor  of  French  in  King's  College,  London. 

[In  preparation. 
MOLlfeRE— L'AVARE.      By  the  same  Editor,     is. 
MOLlfeRE— LE  BOURGEOIS  GENTILHOMME.     By  the  same 

Editor.     IS.  6d. 
M0LI£RE— LES  FEMMES  SAVANTES.    By  G.  E.  Fasnacht. 

IS. 

MOLlfeRE— LE  MISANTHROPE.      By  the  same  Editor,     is. 
M0LT£RE— LE    MEDECIN    MALGRE    LUI.       By   the    same 

Editor.     IS. 
RACINE— BRITANNICUS.     Edited    by   EuGfeNE    Pellissier, 

Assistant- Master  in  Clifton  College,  and  Lecturer  in  University 

College.  Bristol.     2s. 
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Macmillan's  Foreign  School  Classics  (continued) — 

FRENCH  READINGS  FROM  ROMAN  HISTORY.  Selected 
from  Various  Authors  and  Edited  by  C.  Colbeck,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge;  Assistant- Master  at 
Harrow.     4^.  6</. 

SAND,  GEORGE— LA  MARE  AU  DIABLE.  Edited  by  W.  Ei 
Russell,  M.A.,  Assistant-Master  in  Haileybury  College.     \s. 

SANDEAU,  JULES— MADEMOISELLE  DE  LA  SEIGLIERK 
Edited  by  H.  C.  Steel,  Assistant-Master  in  Winchester  College. 
IX.  6^. 
.  THIERS'S  HISTORY  OF  THE  EGYPTIAN  EXPEDITION. 
Edited  by  Rev.  H.  A.  Bull,  M.A.  Assistant-Master  in 
Wellington  College.  \^ln  preparation. 

VOLTAIRE— CHARLES  XIL  Edited  by  G.  E.  Fasnacht.  ^sM. 
*#*  Other  volumes  to  follow. 
(See  also    German  Authors^   page  72. 

Masson  (Gustave).— a  compendious  dictionary 

OF  THE  FRENCH  LANGUAGE  (French-English  ard  English- 
French).  Adapted  from  the  Dictionaries  of  Professor  Alfred 
Elwall.  Followed  by  a  List  of  the  Principal  Diverging 
Derivations,  and  preceded  by  Chronological  and  Historical  Tables. 
By  Gustave  Masson,  Assistant- Master  and  Librarian,  Harrow 
School     New  Edition.     Crown  8vo.     6j. 

Moliere. — LE  MALADE  IMAGINAIRE.  Edited,  with  Intro- 
duction  and  Notes,  by  Francis  Tarver,  M.A.,  Assistant-Master 
at  Eton.     Fcap.  8vo.     is.  6d. 

(See  aJso  Macmillan's  Foreign  School  Classics.) 

Pellissier. — FRENCH  ROOTS  AND  THEIR  FAMILIES.  A 
Synthetic  Vocabulary,  based  upon  Derivations,  for  Schools  and 
Candidates  for  Public  Examinations.  By  Eugene  Pellissier, 
M.A.,  B.Sc,  LL.B.,  Assistant-Master  at  Clifton  College,  Lecturer 
at  University  College,    Bristol.     Globe  8vo.     6s. 

GERMAN, 

HuSS. — A  SYSTEM  OF  ORAL  INSTRUCTION  IN  GERMAN, 
by  means  of  Progressive  Illustrations  and  Applications  of  the 
leading  Rules  of  Grammar.  By  Hermann  C.  O.  Huss,  Ph.D. 
Crown  8vo.     ^s. 

Macmillan's  Progressive  German  Course.     By  G. 

EuGfeNE  Fasnacht. 
Part  L— First  Year.     Easy  Lessons  and  Rules  on  the  Regular 

Accidence.     Extra  fcap.  8vo.      is.  6d. 
Part  II. — Second  Year.      Conversational  Lessons   in   Systematic 

Accidence  and  Elementary  Syntax."  With  Philological  Illustrations 

and    Etymological    Vocabulary.       New    Edition,     enlarged    and 

thoroughly  recast.     Extra  fcap.  8vo.     3^.  6d. 
Part  III.— Third  Year.  {In preparation. 
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Macmillan's  Progressive  German  Course  {continued), 
TEACHER'S  COMPANION  TO  MACMILLAN'S  PROGRES- 
SIVE GERMAN  COURSE.      With  copious  Notes,   Hints  for 
Different  Renderings,  Synonyms,  Philological  Remarks,  &c.     By 
G.  E.  Fasnacht.     Extra  Fcap.  8vo.    First  Year.    4?.  6^. 
Second  Year.    4J.  dd. 
Macmillan's    Progressive    German    Readers.     By 
G.  E.  Fasnacht. 
I. — First  Year,  containing  an  Introduction  to  the  German  order 
of  Words,  with  Copious  Examples,  extracts  from  German  Authors 
in  Prose  and  Poetiy  j  Notes,  and  Vocabularies.    Extra  Fcap.  8vo. , 
2s.  6d. 

Macmillan's   Primary    German    Reading    Books. 

(See  page  69.) 

Macmillan's   Foreign    School   Classics.     Edited  by 
G.  EuGi:NE  Fasnacht,  i8mo. 

GERMAN. 

FREYTAG  (G.).— DOKTOR  LUTHER.  Edited  by  Francis 
Storr,  M.A.,  Head  Master  of  the  Modem  Side,  Merchant  Tay- 
lors' School.  [In  preparation. 

GOETHE— GOTZ  VON  BERLICHINGEN.  Edited  by  H.  A. 
Bull,  M.  A.,  Assistant  Master  at  Wellington  College.     2s. 

GOETHE— FAUST.  Part  L,  followed  by  an  Appendix  on  Part 
II.  Edited  by  Jane  Lee,  Lecturer  in  German  Literature  at 
Newnham  College,  Cambridge.     4T.  6d. 

HEINE— SELECTIONS  FROM  THE  REISEBILDER  AND 
OTHER  PROSE  WORKS.  Edited  by  C.  Colbeck,  M.A., 
Assistant-Master  at  Harrow,  late  Fellow  of  Trinity  College, 
Cambridge.     2s.  6d. 

LESSING.— MINNA  VON  BARNHELM.  Edited  by  James 
SiME,  M.A.  [In  preparation. 

SCHILLER— SELECTIONS  FROM  SCHILLER'S  LYRICAL 
POEMS.  Edited,  with  Notes  and  a  Memoir  of  Schiller,  by  E.  J. 
Turner,  B.A.,  and  E.  D.  A.  Morshead,  M.A.  Assistant- 
Masters  in  Winchester  College.     2s.  6d. 

SCHILLER— DIE  JUNGFRAU  VON  ORLEANS.  Edited  by 
Joseph  Gostwick.    2s.  6d. 

SCHILLER— MARIA  STUART.  Edited  by  C.  Sheldon,  M.A., 
D.Lit.,  of  the  Royal  Academical  lustitution,  Belfast.     2s.  6d. 

SCHILLER— WILHELM  TELL.  Edited  by  G.  E.  Fasnacht. 
2s.  6d. 

SCHILLER.— WALLENSTEIN.  Part  L  DAS  LAGER.  Edited 
by  H.  B.  Cotterill,  M.A.     2s. 

UHLAND— SELECT  BALLADS.  Adapted  as  a  First  Easy  Reiid- 
ing  Book  for  Beginners.  With  Vocabulary.  Edited  by  G.  E. 
Fasnacht.     ix. 

*#*  Other  Volumes  to  follow. 
(See  also  French  Authors,  page  70.) 
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Pylodet.— NEW  guide  to  German  conversation; 

containing  an  Alphabetical  List  of  nearly  800  Familiar  Words; 
followed  by  Exercises  ;  Vocabulary  of  Words  in  frequent  use  ; 
Familiar  Phrases  and  Dialogues  ;  a  Sketch  of  German  Literature, 
Idiomatic  Expressions,  &c.     By  L.  Pylodet.     i8mo,  cloth  limp. 

Whitney. — Works  by  W.  D.  Whitney,  Professor  of  Sanskrit 
and  Instructor  in  Modern  Languages  in  Yale  College. 

A  COMPENDIOUS  GERMAN  GRAMMAR.  Crown  8vo.  4J.  6d. 

A  GERMAN  READER  IN  PROSE  AND  VERSE.  With  Notes 
and  Vocabulary.     Crown  8vo.     $s. 

Whitney    and   Edgren. — a  COMPENDIOUS  GERMAN 
AND  ENGLISH  DICTIONARY,  with  Notation  of  Correspon- 
dences  and  Brief  Etymologies.     By  Professor  W.   D.  WHITNEY, 
assisted  by  A.  H.  Edgren.     Crown  8vo.     'js.  6d. 
THE  GERMAN-ENGLISH  PART,  separately,  55. 

MODERN  GREEK. 
Vincent  and  Dickson.  —  handbook    TO    modern 

GREEK.  By  Sir  Edgar  Vincent  K.C.M.G.  and  T.  G. 
Dickson,  M.A.  Second  Edition,  revised  and  enlarged,  with 
Appendix  on  the  relation  of  Modern  and  Classical  Greek  by 
Professor  Jebb.     Crown  Svo.     6j. 

ITALIAN. 

Dante.  —  the    purgatory    of    DANTE.      Edited,    with 
Translation  and  Notes,  by  A.  J.  Butler,  M.A.,  late  Fellow  of 
Trinity  College,  Cambridge.     Crown  Svo.     12s.  6d. 
THE  PARADISO  OF  DANTE.     Edited,   with  Translation  and 
Notes,  by  the  same  Author.     Crown  8vo.     12s.  6d, 

SPANISH. 

Calderon. — FOUR  plays    of    CALDERON.     Edited,    with 
Introduction   and    Notes,    by  Norman   MacColl,    M.A.,    late 
Fellow  of  Downing  College,  Cambridge.     Crown  Svo.     145-. 
The  four  plays  here  given  are  £1  Principe  Constants,  La  Vida  es 

Sueno^  El  Alcalde  de  Zalamea,  and  El  Escondido y  La  Tapada. 

DOMESTIC  ECONOMY. 

Barker.-FIRST  lessons    in  the    principles    of 

COOKING.      By  Lady  Barker.     New  Edition.      iSmo.     is, 
Berners.— FIRST  LESSONS  ON  HEALTH.     By  J.  Berners. 

New  Edition.     iSmo.     \s. 
Fawcett.— TALES  in  political  ECONOMY.     By  MiLLi- 

cent  Garrett  Fawcett.     Globe  Svo.    y. 
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Frederick.— HINTS  TO  HOUSEWIVES  ON  SEVERAL 
POINTS,  PARTICULARLY  ON  THE  PREPARATION  OF 
ECONOMICAL  AND  TASTEFUL  DISHES.  By  Mrs. 
Frederick.     Crown  8vo.     is. 

"This  unpretending  and  useful  little  volume  distinctly  supplies  a  desideratum 
....  The  author  steadily  keeps  in  view  the  simple  aim  of  '  making  every-day 
roeals  at  home,  particularly  the  dinner,  attractive,'  without  adding  to  the  ordinary 
household  expenses." — Saturday  Review. 

Grand'homme.—  CUTTING-OUT  AND  DRESSMAKING. 
From  the  French  of  Mdlle.  E.  Grand'homme.  With  Diagrams. 
i8mo.     IS. 

Jex- Blake. —THE  CARE  OF  INFANTS.  A  Manual  for 
Mothers  and  Nurses.  By  Sophia  Jex-Blake,  M.D.,  Member 
of  the  Irish  College  of  Physicians  ;  Lecturer  on  Hygiene  at 
the  London  School  of  Medicine  for  Women.     i8mo.      is. 

Tegetmeier. — HOUSEHOLD     management      and 

COOKERY.  With  an  Appendix  of  Recipes  used  by  the 
Teachers  of  the  National  School  of  Cookery.  By  W.  B. 
Tegetmeier.  Compiled  at  the  request  of  the  School  Board  for 
London.  iSmo  .is. 
Thornton.— FIRST  LESSONS  IN  BOOK-KEEPING.  By 
J.  Thornton.     Ne^v  Edition.     Cro\vn  8vo.     2s.  6d. 

The  object  of  this  volume  is  to  make  the  theory  of  Book-keeping  sufficiently 
plain  for  even  children  to  understand  it. 

A  KEY  TO  THE  ABOVE  FOR  THE  USE  OF  TEACHERS 
AND  PRIVATE  STUDENTS.  Containing  all  the  Exercises 
worked  out,  with  brief  Notes.  By  J.  Thornton.  Oblong  4to. 
los.  6d. 
Wright. — THE  SCHOOL  COOKERY-BOOK.  Compiled  and 
Edited  by  C.  E.  Guthrie  Wright,  Hon  Sec.  to  the  Edinburgh 
School  of  Cookery.     i8mo.      is. 


ART  AND  KINDRED  SUBJECTS. 

Anderson.— LINEAR    perspective,     and     model 

DRAWING.  A  School  and  Art  Class  Manual,  with  Questions 
and  Exercises  for  Examination,  and  Examples  of  Examination 
Papers.  By  Laurence  Anderson.  With  Illustrations.  Royal 
8vo.     2s. 

Collier. — a  primer  OF  ART.     With  Illustrations.     By  John 
Collier.     i8mo.     is. 

Cook.— THE  NATIONAL  GALLERY  :  A  POPULAR  HAND- 
BOOK TO.  By  Edward  T.  Cook,  with  a  Preface  by  John 
RusKiN,  LL.D.,  and  Selections  from  his  Writings.  Crown  8vo. 
Cloth,  I2S.  6d.  ;  half  Morocco,  14X. 
*^^*  Also  an  Edition  on  large  paper,  limited  to  250  copies.  2  vols. 
Svo. 

Delamotte.— A     BEGINNER'S     DRAWING     BOOK.        B 
P.     H.    Delamotte,    F.S.A.      Progressively    arranged.     New 
Edition  improved.     Crown  Svo.     3j.  6d. 
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Ellis.--SKETCHING  FROM  NATURE.  A  Handbook  for 
Sradents  and  Amateurs.  By  Tristram  J.  Ellis.  With  a 
Frontispiece  and  Ten  Illustrations,  by  H.  Stacy  Marks, 
R.A.,  and  Thirty  Sketches  by  the  Author.  New  Edition,  revised 
and  enlarged.     Crown  8vo.     3^.  dd. 

Hunt.— TALKS  ABOUT  ART.  By  William  Hunt.  With  a 
Letter  from  Sir  J.  E.  MiLLAls,  Bart.,  R.A.     Crown  8vo.    3^.  6</. 

Taylor. — a  primer  of  pianoforte  playing.  By 
Franklin  Taylor.     Edited  by  Sir  George  Grove.    i8mo.     \s. 


WORKS  ON  TEACHING. 

Ball.— THE  STUDENT'S  GUIDE  TO  THE  BAR.  By  Walter 
W.  R.  Ball,  M.A.,  of  the  Inner  Temple,  Barrister- at- Law ; 
Fellow  and  Assistant  Tutor  of  Trinity  College,  Cambridge,  and 
Fellow  of  University  College,  London.  Fourth  Edition  Revised. 
Crown  8vo.     2s.  6d. 

Blakiston — THE  TEACHER.  Hints  on  School  Management. 
A  Handbook  for  Managers,  Teachers'  Assistants,  and  Pupil 
Teacheres.  By  J.  R.  Blakiston,  M.A.  Crown  8vo.  2s.  6d. 
(Recommended  by  the  London,  Birmingham,  and  Leicester 
School  Boards.) 

"  Into  a  comparatively  small  book  he  has  crowded  a  great  deal  of  exceedingly  use- 
ful and  sound  advice.  It  is  a  plain,  common-sense  book,  full  of  hints  to  the  teacher 
on  the  management  of  his  school  and  his  children."— School  Board  Chronicle. 

Calderwood. — on  teaching.  By  Professor  Henry  Calder- 
WOOD.     New  Edition.     Extra  fcap.  8vo.     2s.  6d. 

Carter.— EYESIGHT  IN  SCHOOLS.  A  Paper  read  before  the 
Association  of  Medical  Officers  of  Schools  on  April  15th,  1885. 
By  R.  Brudenkll  Carter,  F.R.C.S.,  Ophthalmic  Surgeon  to 
St.  George's  Hospital.     Crown    8vo.     Sewed,     is. 

Fearon. — SCHOOL  INSPECTION.  By  D.  R.  Fearon,  M.A., 
Assistant  Commissioner  of  Endowed  Schools.  New  Edition. 
Crown  8vo.     2s.  6d. 

Geikie. — THE  TEACHING  OF  GEOGRAPHY.  A  Practical 
Handbook  for  the  use  of  Teachers.  By  Archibald  Geikie, 
F.R.S.,  Director-General  of  the  Geological  Survey  of  the  United 
Kingdom,  &c.  (Being  the  Introductory  Volume  to  Macmillan's 
Geographical  Series.     J^^  page      .)     Crown  8 vo.     2j. 

Gladstone. — object  teaching,  a  Lecture  delivered  at 
the  Pupil-Teacher  Centre,  William  Street  Board  School,  Ham- 
mersmith. By  J.  H.  Gladstone,  Ph.D.,  F.R.S.,  Member  of 
the  London  School  Board.  With  an  Appendix.  Crown 
8vo.     zd. 

*'  It  is  a  short  but  interesting  and  instructive  publication,  and  our  youngei 
teachers  will  do  well  to  read  it  carefully  and  thoroughly.  There  is  much  in  thesf- 
few  patres  which  they  can  learn  and  profit  by."— Thk  School  Guardian, 
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Hertel.— OVERPRESSURE  IN  HIGH  SCHOOLS  IN  DEN- 
MARK.  By  Dr.  Hertel,  Municipal  Medical  Officer,  Copen- 
hagen. Translated  from  the  Danish  by  C.  Godfrey  S5rensen. 
With  Introduction  by  Sir  J.  Crichton-Browne,  M.D.,  LL.D., 
F.R.S.     Crown  8vo.     3^.  aa'. 
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*,*   For    other     Works     by     these     Authors,    see    Theological 

Catalogue. 

Abbott    (Rev.    E.    A.)— bible    lessons.      By  the   Rev. 

E.   A.   Abbott,   D.D.,    Head    Master  of  the  City  of  London 

School.     New  Edition.     Crown  8vo.     4J.  6d. 
"Wise,    suggestive,    and    really    profound    initiation    into   religious   thought." 
—Guardian. 

Abbott — Rushbrooke. — the  common  tradition  of 

THE  synoptic  GOSPELS,  in  the  Text  of  the  Revised 
Version.  By  Edwin  A.  Abbott,  D.D.,  formerly  Fellow  of  St. 
John's  College,  Cambridge,  and  W.  G.  Rushbrooke,  M.L., 
formerly  Fellow  of  St.  John's  College,  Cambridge.   Cr.  8vo.   3^.  dd. 

The  Acts  of  the  Apostles.  —  Being  the  Greek  Text  as 
revised  by  Professors  Westcott  and  HoRT.  With  Explanatory 
Notes  for  the  Use  of  Schools,  by  T.  E.  Page,  M.A.,  late  Fellow 
of  St.  John's  College,  Cambridge;  Assistant  Master  at  the  Charter- 
house.    Fcap.  8vo.     4J-.  dd. 

Arnold. — Works  by  Matthew  Arnold,  D.C.L.,  formerly  Pro- 
fessor of  Poetry  in  the  University  of  Oxford,  and  Fellow  of  Oriel. 
A  BIBLE-READING  FOR  SCHOOLS.— THE  GREAT  PRO- 
PHECY OF  ISRAEL'S  RESTORATION  (Isaiah,  Chapters 
xl. — Ixvi.).  Arranged  and  Edited  for  Young  Learners.  New 
Edition.     i8mo,  cloth,     is. 

ISAIAH  XL.— LXVI.  With  the  Shorter  Prophecies  allied  to  it. 
Arranged  and  Edited,  with  Notes.     Crown  8vo.    5j. 

ISAIAH  OF  JERUSALEM,  IN  THE  AUTHORISED  ENG- 
LISH VERSION.  With  Introduction,  Corrections,  and  Notes. 
Crown  8vo.     4?.  dd.  - 

Benham. — a  companion  to  THE  LECTIONARY.  Being  c 
a  Commentary  on  the  Proper  Lessons  for  Sundays  and  Holy  Days.  )■ 
By  Rev.  W.  Benham,  B.D.,  Rector  of  S.  Edmund  with  S.  • 
Nicholas  Aeons,  &c.     New  Edition.     Crown  8vo.     4^.  6^.  I 

Calvert.— GREEK  TESTAMENT,  School  Readings  in  the.  a! 
Course  of  thirty-six  Lessons  mainly  following  upon  the  Narrative  I 
of  St.  Mark.  Edited  and  Arranged  with  Introduction  Notes  and! 
Vocabulary,  by  the  Rev.  A.  Calvert,  M.A.,  late  Fellow  of  St.  I 
John's  College,  Cambridge.     Fcap.  8vo.     4?.  dd.  I 
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Cassel.— MANUAL  OF  JEWISH  HISTORY  AND  LITERA- 
TURE  ;  preceded  by  a  BRIEF  SUMMARY  OF  BIBLE  HIS- 
TORY.  By  Dk.  D.  Cassel.  Translated  by  Mrs.  Henry  Lucas. 
Fcap.  8vo.     2s.  6c/. 

Cheetham.— A  CHURCH  HISTORY  OF  THE  FIRST  SIX 
CENTURIES.  By  the  Yen.  Archdeacon  Cheetham, 
Crown  8vo.  [/«  the  press. 

Cross. — BIBLE  READINGS  SELECTED  FROM  THE 
PENTATEUCH  AND  THE  BOOK  OF  JOSHUA.  By 
the  Rev.  John  A.  Cross.  Second  Edition  enlarged,  with  Notes. 
Globe  8vo.     2j.  dd. 

Curteis.— MANUAL  OF  THE  THIRTY-NINE  ARTICLES. 
By  G.  H.  Curteis,  M.A.,  Principal  of  the  Lichfield  Theo- 
logical College.  \In  preparation. 

Davies. — THE  EPISTLES  OF  ST.  PAUL  TO  THE  EPHE- 
SIANS,  THE  COLOSSIANS,  AND  PHILEMON;  with 
Introductions  and  Notes,  and  an  Essay  on  the  Traces  of  Foreign 
Elements  in  the  Theology  oi  these  Epistles.  By  the  Rev.  J. 
Llewelyn  Davies,  M.A.,  Rector  of  Christ  Church,  St.  Mary- 
lebone ;  late  Fellow  of  Trinity  College,  Cambridge.  Second 
Edition.     Demy  8vo.     Is.  6d. 

Drummond. — THE  STUDY  OF  THEOLOGY,  INTRO- 
DUCTION TO.  By  James  Drummond,  LL.D.,  Professor  of 
Theology  in  Manchester  New  College,  London.     Crown  8vo.     Jj. 

Gaskoin. — the  children's    treasury   of   bible 

STORIES.  By  Mrs.  Herman  Gaskoin.  Edited  with  Preface 
by  Rev.  G.  F.  Maclear,  D.D.  Part  L— OLD  TESTAMENT 
HISTORY.  i8mo.  u.  Part  II.— NEW  TESTAMENT.  i8mo. 
IS.  Part  III.— THE  APOSTLES :  ST.  JAMES  THE  GREAT, 
ST.  PAUL,  AND  ST   JOHN   THE  DIVINE.     i8mo.     \s. 

Golden  Treasury  Psalter.— students'  Edition.    Being  an 

Edition  of  "The  Psalms  Chronologically  arranged,  by  Four 
Friends,"  with  briefer  Notes.     l8mo.     3J.  6d. 

Greek    Testament. — Edited,    with    introduction    and   Appen- 
dices, by  Canon    Westcott  and  Dr.  F.  J,  A.   Hort.      Two 
Vols.     Crown  8vo.     los.  Cxi.  each. 
Vol.  I.  The  Text. 
Vol.  II.  Introduction  and  Appendix. 

Greek  Testament. — Edited  by  Canon  Westcott  and  Dr. 
Hort.  School  Edition  of  Text.  i2mo.  cloth.  4?.  6d.  i8mo. 
roan,  red  edges.  55-.  6d. 
GREEK  TESTAMENT,  SCHOOL  READINGS  IN  THE.  Being 
the  outline  of  the  life  of  our  Lord,  as  given  by  St.  Mark,  with 
additions  from  the  Text  of  the  other  Evangelists.  Arranged  and 
Edited,  with  Notes  and  Voca  ilary,  by  the  Rev.  A.  Calvert, 
M.A.,  late  Fellow  of  St.  John's  College,  Cambridge.  Fcap.  8vo. 
^.6d. 
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Greek  Testament — continued. 

THE  ACTS  OF  THE  APOSTLES.  Being  the  Greek  Text  as 
revised  by  Drs.  Westcott  and  Hort.  With  Explanatory  Notes 
by  T.  E.  Page,  M.A.,  Assistant  Master  at  the  Charterhouse. 
Fcap.  8vo.     4J.  dd. 

THE  GOSPEL  ACCORDING  to  St.  MARK.     Being  the  Greek 

Text  as  revised  by  Drs.  Westcott  and  Hort.     With  Explanatory 

Notes  by  Rev.  J.  O.  F.  Murray,  M.A.,  Lecturer  in  Emmanuel 

College,  Cambridge.     Fcap.  Svo.  \In  preparation. 

Hardwick. — Works  by  Archdeacon  Hardwick  :  — 

A  HISTORY  OF  THE  CHRISTIAN  CHURCH.  Middle 
Age.  From  Gregory  the  Great  to  the  Excommunication  of 
Luther.  Edited  by  William  Stubbs,  M.A.,  Regius  Professor 
of  Modern  History  in  the  University  of  Oxford.  With  Four 
Maps.     New  Edition.     Crown  Svo.     \os.  6d. 

A  HISTORY  OF  THE  CHRISTIAN  CHURCH  DURING 
THE  REFORMATION.  Eighth  Edition.  Edited  by  Professor 
Stubbs.  Crown  Svo.  los.  dd. 
Hoole.— THE  CLASSICAL  ELEMENT  IN  THE  NEW 
TESTAMENT.  Considered  as  a  Proof  of  its  Genuineness,  with 
an  Appendix  on  the  Old  Authorities  used  in  the  Formation  of  the 
Canon.  By  CHARLES  H.  Hoole,  M.A.,  Student  of  Christ 
Church,  Oxford.     Svo.  {^Immediately, 

Jennings  and  Lowe. — the  psalms,  with  intro- 
ductions AND  critical  NOTES.  By  A.  C.  Jennings, 
M.A.  ;  assisted  in  parts  by  W.  H.  LowE,  M.A.  In  2  vols. 
Second  Edition  Revised.     Crown  Svo.     loj.  dd.  each. 

Kay.— ST.    PAUL'S    TWO    EPISTLES     TO    THE     CORIN 
THIANS,    A   COMMENTARY  ON.      By  the   late   Rev.   W. 
Kay,   D.D.,  Rector  of  Great  Leghs,  Essex,  and  Hon.  Canon  of 
St.  Albans  ;  formerly  Principal  of  Bishop's  College,  Calcutta  ;  and 
Fellow  and  Tutor  of  Lincoln  College.     Demy  Svo.     qj. 

Kuenen. — PENTATEUCH  AND  BOOK  OF  JOSHUA:  an 
Historico- Critical  Inquiry  into  the  Origin  and  Composition  of  the 
Hexateuch.  By  A.  Kuenen,  Professor  of  Theology  at  Leiden. 
Translated  from  the  Dutch,  with  the  assistance  of  the  Author,  by 
Phillip  H.  Wicksteed,  M.A.     Svo,     14J. 

The   Oxford   Magazine   says: — "The  work  is  absolutely  indispensable  to  ail 
special  students  of  the  Old  Testament." 

LightfoOt. — Works  by  the  Right  Rev.  J.   B.  LiGHTFOOT,  D.D., 

D.C.L.,  LL.D.,  Lord  Bishop  of  Durham. 
ST.  PAUL'S  EPISTLE  TO   THE  GALATIANS.      A  Revised 

Text,    with     Introduction,      Notes,     and    Dissertations.       Ninth 

Edition,  revised      Svo.      I2j. 
ST.  PAUL'S  EPIhTLE  TO  THE  PHILIPPIANS.     A  Revised 

Text,     with    Introduc  ion,    Notes,     and    Dissertations.        Ninth 

Edition,  revised.     Svo.      \2s. 
ST.    CLEMENT    OF   ROME— THE    TWO    EPISTLES    TO 

THE  CORINTHIANS.     A  Revised  Text,  with  Introduction  and 

Notes.     Svo.     8j.  6^ 
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Lighttoot. — Works  by  the  Right  Rev.  J.  B.,  continued. 

ST.  PAUL'S  EPISTLES  TO  THE  COLOSSIANS  AND  TO 

PHILEMON.     A   Revised   Text,     with    Introductions,     Notes, 

and  Dissertations.     Eiglith  Edition,   revised.     8vo.     I2J. 
THE    APOSTOLIC    FATHERS.     Part   II.     S.    IGNATIUS— 

S.  POLYCARP.      Revised  Texts,    with    Introductions,    Notes, 

Dissertations,  and  Translations.     2  volumes  in  3.     Demy  8vo.  48j'. 
Maclear. — Works  by  the   Rev.  G.  F.  Maclear,  D.D.,  Canon  of 

Canterbury,  Warden  of  St.   Augustine's  College,  Canterbury,  and 

late  Head-Master  of  King's  College  School,  London  : — 
A  CLASS-BOOK  OF  OLD   TESTAMENT  HISTORY.     New 

Edition,  with  Four  Maps.     iSmo.     4J.  6^. 
A     CLASS-BOOK     OF     NEW     TESTAMENT     HISTORY, 

including   the    Connection  of  the    Old    and     New    Testaments. 

With  Four  Maps.     New  Edition.     iSmo.     5^.  6d. 
A  SHILLING  BOOK   OF    OLD    TESTAMENT    HISTORY, 

for  National  and  Elementary  Schools.     With  Map.     iSmo,  cloth. 

New  Edition. 
A  SHILLING  BOOK  OF  NEW   TESTAMENT  HISTORY, 

for  National  and  Elementary  Schools.     With  Map.     iSmo,  cloth. 

New  Edition. 
These  works  have  been  carefully  abridged  from  the  Author's 

large  manuals. 
CLASS-BOOK  OF  THE  CATECHISM  OF  THE  CHURCH 

OF  ENGLAND.     New  Edition.     iSmo.     \s.  6d. 
A  FIRST  CLASS-BOOK   OF  THE  CATECHISM   OF  THE 

CHURCH  OF  ENGLAND.     With  Scripture  Proofs,  for  Junior 

Classes  and  Schools.     New  Edition.     iSmo.     6d. 
A   MANUAL   OF   INSTRUCTION    FOR   CONFIRMATION 

AND    FIRST    COMMUNION.      WITH     PRAYERS   AND 

DEVOTIONS.     32mo.  cloth  extra,  red  edges.     2s. 
Maurice.—THE    LORD'S    PRAYER,    THE   CREED,    AND 

THE    COMMANDMENTS.        A     Manual     for    Parents    and 

Schoolmasters.    To  which  is  added  the  Order  of  the   Scriptures. 

BytheKev.  F.LtENisoN  Maurice,  M.A.     iSmo,  cloth,  limp.     is. 

Pentateuch   and  Book  of  Joshua  :  an  Histonco-Critical 

Inquiry  into  the  Origin  and  Composition  of  the  Hexateuch.  By 
A.  KuENEN,  Professor  of  Theology  at  Leiden.  Trans  at ed  from 
the  Dutch,   with    the   assistance  of  the   Author,   by  Philip  H. 

WiCKSTEED,  M.A.       Svo.       I4J. 

Procter. — a  history  OF  THE  BOOK  OF  COMMON 
PRAYER,  with  a  Rationale  of  its  Offices.  By  Rev.  F.  Procter. 
M.A.     17th  Edition,  revised  and  enlarged.    Crown  Svo.     icw.  6d. 

Procter  and  r»'.  aclear. — an  ELEMENTARY  INTRO- 
DUCTION TO  THE  BOOK  OF  COMMON  PRAYER.  Re- 
arranged and  supplemented  by  an  Explanation  of  the  Morning 
and  Evening  Prayer  and  the  Litany.  By  the  Rev.  F.  Procter 
and  the  Rev.  Dr.  Maclear.  New  and  Enlarged  Edition, 
containing  the  Communion  Service  and  the  Confirmation  and 
Baptismal  Offices.     iSmo.     2s.  6d, 
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The    Psalms,    with    Introductions    and    Critical 

Notes. — By  A.  C.Jennings,  M.A.,  Jesus  College,  Cambridge, 
Tyrwhitt  Scholar,  Crosse  Scholar,  Hebrew  University  Prizeman, 
and  Fry  Scholar  of  St.  John's  College,  Carus  and  Scholeficld 
Prizeman,  Vicar  of  Whittlesford,  Cambs.  ;  assisted  in  Parts  by  W. 
H.  Lowe,  M.A.,  Hebrew  Lecturer  and  late  Scholar  of  Christ's 
College,  Cambridge,  and  Tyrwhitt  Scholar,  In  2  vols.  Second 
Edition  Revised.     Crown  8vo.     los,  6d.  each. 

Ramsay.— THE  CATECHISER'S  MANUAL;  or,  the  Church 
Catechism  Illustrated  and  Explained,  for  the  Use  of  Clergymen, 
Schoolmasters,  and  Teachers.  By  the  Rev.  Arthur  Ramsay, 
M.A.     New  Edition.     i8mo.     \s.  6d. 
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